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Abstract

Modelling global biogeochemical cyclesequires arunderstandingf processsat a
range of scalesSmallscale edox processesire often modelled as a succession of
successivegl less energy efficienteactionswhich are predominantly mediated by
bacteria.This thesis is a series discretestudies which examinearly diagenetic

processes in a peatbog, saltmarsh and an ancient marine sequence.

In an ombrotrophicpeat bog at Térne Moors,redoxhorizons which influence the
behaviour of sulfur andon, are compleXecause they are impacted by abiotic and

bi otic processes, root s, l at er al fl ows
(OM) degradation. In these systems the iargn fate of trace metals wésundto

be predominantlycontrolled bydust deposition suggesting that they are immobile;

this was confirmed by the DET and DGT data.

Warhamsalt marsh resultshow that due to the rapid sedimentation ratesore
reactive ironis buriedwhich then partially oxidises sulfide elemental sulfuin the

deeper sediment and sulfate in the neasurface.

The ancient site (Shalegith-Beef Member) has concretionary horizons that
coincide withpartial oxidation of sulfide to elemental sulfand a change in iron
chemistry, whilst the organic matteput and anoxic conditions remained the same.
The changes indiageneticconditionsarosefrom slow sedimentation rateshich

causedheless reactive iroto remainlonger in thebiogeochemicatone

This study show that redox zones amauch more compgx than theseries of
cascading reactions whicsuccessivelyyield less energy and amgredominantly

mediated by bacteria.
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Introduction

Chapter 1  Introduction

1.1 Introduction

This thesis is concerned with metal interactions with the sulfur cycle in aquatic
sediments. The work has been carried out in both modern and ancient enaionme

and as a consequence has been undertaken as discrete studies, each with a separate
literature review. This chapter introduces the rationale behind the research and
provides a basic understanding of biogeochemical cycles, and rudimentary

interactions beveen sulfur and metals in aquatic sediments.

1.2. Overview of biogeochemical cycles

The interaction between biogeochemical cycles is the key link to understanding
many earth surface processes over geological time (e.g. Berner, 1989; Falkowski et
al., 198; Zachos et al., 2008). At the highest level, geochemical systems can be
broken down into reservoirs and fluxes (e.g. Schimel, 1995). Reservoicstane
grouped into: atmospheréydrosphere, biosphere, sediments, and rocks (Figure
1.1), although theyre much more complex in reality (e.g. Hedges, 1991; Schimel,
1995; Jickells et al., 2005). As biogeochemical cycles are known to be intrinsically
linked, then changes to one geochemical reservoir can affect another, which could
then impact on another aso forth (e.g. Berner, 1982; Ku al., 1999; Friedl and
Wiest,2002; Jickells et al., 2005). Forstance, an increase bibavailableFe by a

factor of 2 to the global oceans could cause a decrease in atmosphghy CEB0

ppm (Lefevre and Watson, 199
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Figure 1.1  Interactions between global fluxes and largecale reservoirs.
This £hematic diagram representhe basic fluxes between large
scale reservoirs and fluxe3he interactions between reservoirs are
complex andhe biogeochemical cycles are intrinsically linked, thus it
Is important to understand how the fluxes and reservoirs interact both
on a global and local scale.
Earth system modelling can predict the consequences of changing one or more
variables of te geochemical cycles (e.g. Cox and Kwaitkowski, 2013; Hopkins et
al., 2014). Havever, to achieve this robustllge detail needs to be incorporatatb
the modelswith refinements made as our knowledwpse increases. Clearly, we
need to be able to und&and the impacts of the changes to thedugle reservoirs,
but also understand the fine detail of each reservoir and fluxes, as well as the
interactions between them (Muraoka et al., 2010). Moreover, as carbon is one of the
biogeochemical cycles, this di@lear implications of understanding and modelling

the effects of C@and CH on greenhouse warming and future climate change (e.qg.

Clauseen et al., 2002; Cox and Kwaitkowski, 2013; Hopkins et al., 2014).
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1.3 Redoxreactions: smallscale interactions wihin biogeochemical
cycles

Redox reactions illustrate how global geochemical cycles are intrinsically linked on
a smaliscale (e.g. Berner, 1982; Ku et al., 1999). Redox zones are a series of
characteristic changes within sediments that are directly delatea cascade of
microbial respiration reactions (although they can be abiotic) that successively yield
less energy in the presence of organic matter (e.g. Froelich et al., 1979; Burdige,
2006 and references therein; Sevenson et al., 1997 and referbacss)t The
energy yielded from highest to lowest isxygen reduction; nitrate reduction;
manganeseeduction;iron reduction; sulfate reduction and finally the formation of
methaneigure 1.2; Bble 1.1: Froelich et al., 1979). Importantly, oxygeadded

to the atmospheric reservoir when organic matter accumulates in marine sediments

and rocks (e.g. Berner, 1982).

Process Chemical Reaction DG° (kJ mol Glucose™) Eq.
Aerobic respiration CeH1,06 + 60, Y 6 ¢46H,0 -2.82 1.1
Denitrification 5CeH1,05+ 24NO; Y -2.66 1.2

12N, + 24HCG- + 6CGO, +18H,0

Manganese reduction | CgH;,05+ 18CQ +6H,0 + 12d-MnO, Y -2.38 1.3
12Mr?* + 24HCQ;

Ir on reduction CgH1,0s + 42CQ +24Fe(OH)Y -0.79 1.4

24F€* + 48HCQ; + 18H,0

Sulfate reduction CeH1,06+ 6SQ*Y -0.45 1.5
6H,S + 12HCQ

Methanogenesis 2CH,.0 Y 6 ¢HB6CO -0.30 1.6

Table 1.1 Microbially mediated reactions using OM as an energyaurce.
This tableshow which reactions yield more energy (using glucose as
an example) and therefore which species are more favourable for
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bacteria. Aerobic respiration yields the most and methanogenesis
yields the least energ(rdige, 2006and referenes therein).

Bottom water (02)

Concentration l
e

SaE Oxygen reduction
0
INllrale reduction

H <+— Mn," oxidation

Depth

<—— Fe," oxidation
(sediments) Iron reduction

< CH, oxidation
IMethane formation

Figure 1.2  The relationship between depth and redox reactions.
This fgure shows the same as Table 1.1; the successive dominate use
of TEAPs by bacteria during the remineralisation of OM in marine
sediments. The figure, however, relatesrisactions to depth showing
that aerobic respiration is the most dominate reaction by bacteria in
the very near shallow and methanogenesis is the most dominate
reaction in the deeper part of the sedimenbdified from Burdige,
2006 and references thergihis is oversimplified however as there
are more variables which have an impact on the way bacteria use
species for terminal electron transfer (modified from Froelich et al,
1979;Burdige, 2006.

Figure 1.2 and able 1.1 would suggest that theseiaitedox reactions happen in

an ordered fashion down through the sediment profile. In reality, this model is
oversimplified as it does not include a whole range of variables that impact the
natural environment. For example, burrowing organisms introduge in@®
previously anoxic sediment causing lateral variability of redox zones across the

sediment. Nor does it include the complex nature of bacteria, for instance, sulfate

reducing bacteria (SRB) can reduce sulfate, oxygen, nitrate and nitrite, and oxidise
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different states of sulfur, e.g. zerovalent sulfur (Fuseler et al., 1996). Additionally,

abiotic reactions have an influence over the redox zones in sediments, for example:

2FeOOH + HS Y 2Fe" + & + 40H (1.7),
MnO, + H,S \4 Mn?* + S + 20H (1.8),
MnO, + 2F€* + 2H20 \'4 Mn?*+ 2FeOOH + H (1.9),

(Thamdrup et al., 1994 and references therein).

Sediments will vary with regards to the concentration of chemical species within the
porewaters, for instace in euxinic basins where the bottom waters a® tith. In

this instance @reduction cannot occur in the upper part of the sediment.

1.3.1 Redox eactions betweersulfur and metals in natural aquatic
sediments

Equation 1.5 shows how bacteria use seghitaryorganic matter@M) as a reducing

agent and energy source to producsS Hrom SQ”. Sulfate is unstable in the
presence of organic matter in reduced environments, leading to microbial sulfate
reduction (MSR). The products of MSR are stable, inolygdhe neutralisation of
acidity, as long as the conditions remain anoxic and the reduced sulfur species
produced are not fexidized (e.g. Giblin et al., 1990; Morgan, 1995; Chapman,
2001). Once sulfide is formed it has two (major) ultimate sinks; hinagith metals

or with organic matter (e.g. Peters et al., 2005). In most aquatic sedimentary systems,

sulfide will react with Fe to form metastable monosulfides,

2H"+ SQ% + 2CHO Y ,SH 2CQ +2H,0 (1.10).

Sulfur may go through many cycles of oxidation and reduction before final burial as

pyrite (or organesulfur). Additionally, trace metals can often be incorporated into
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the crystal lattice during formation of sulfideimarals, (e.g. Bousiquot et al., 2002;

Mullet et al., 2004).

Redox reactions meate transfer of material between reservoirs and can therefore
exert control on important fluxes between reservoirs in loicdgemical cycles. Large
systemsfor example marine systems, clearly play a substantial role in global
biogeochemical cycles. As do the cumulative effect of many small reservoirs, for
example, peatbogs. Residence times, however, are also important in factoring how
sensitive a system will be to either cdotting to or reacting to global
biogeochemical changes. The shorter the residence time the more sensitive they will
be (e.g. Morris and Waddington, 2011), for example, chemical species in rocks will
have significantly longer residence times than chemsmdcies in a wetland
ecosystem. Indeed, wetlands are good examples of aquatic sedimens,system
relatively short residence times that have large stocks of organic carbon, thus they
are of global importance for carbon storage (Moore et al., 2013rlSctzan et al.,

20149, as well as being important ecosystems in their own right.

1.4 The importance of understanding wetland environments

Wetlands are notoriously difficult to define as there is not one definition that
encompasses every type. The Enuinemtal Protection Agency (EPA) uses a
definition that was taken from the U.S. Army Corps of Engineers and defines
wetl ands as fnareas that are inundated or
frequency and duration sufficient to support, and that undenal circumstances do

support, a prevalence of vegetation typically adapted for life in saturated soil
conditionso (USACE, 1987) . Cowardin et al

widely accepted in the scientific communifyl and wh e roewaterinsthex c e s s
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dominant factor determining the nature of soil development and the types of animals
and plant communities living at the soil surface. It spans a continuum of

environments where terrestrial and aquat|i

The largest congtient of the terrestrial carbon pool are wetlands, with much focus
on northern peatlands, which are estimated to seques8&r §CQ m? yr* (Roulet,

2000) and salt marshes which are thought to sequester 21.0q €@, thus these
environments playan important role in the global carbon cycle (Chmura et al.,
2003). Not only can changes in anthropogenic activity potentially turn these carbon
sinks into sources, but they can also have detrimental consequences to the local
environment. For example, itifide minerals are oxidised, due to the instability of

the wetland then this adds acidity to the surrounding-p@ters (generating Acid
Sulfate Soils; e.g. Powell and Martens 2005) (equation 1.11), and releases trace
metals which were incorporated inetlerystal lattice of the sulfide minerals. The
trace metals can be toxic (Bousiquot et al., 2002; Mullet et al., 2004) and in some

cases (due to anthropogenic activities) radioactive (Livens et al., 2004).

FeS+35Q \4 Fe* + 2SQ7 + 2H' (1.112)

The study outlined in this thesis focuses on two major types of wetlands; peatlands
and saltmarshes. Peatlands can be separated into two major types depending on how
they are fed; ombrotrophic, where they receive thkir nutrients from the
atmosphere (e.g. Damman, 1978); and minerotrophic, where they receive nutrients
from the atmosphere but are also fed from waters which have been in contact with
the bedrock (e.gverhoeven, 1986). This study deals with ombrotrogheatbogs.

Peatbogs are a carbon sink (e.g. Turunen g2@02; Holden 2005; Belyeaand
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Baird, 2006) and are estimated to have stored enough carbon to reduce global
temperatures by 1°50 2° C over the last 10,000 years (Hold@905). Extraction of
peatbogs and fires, for example, reduces the ability of peatbogs to sequester carbon
and may ultimately cause them to become a source of carbon (H20f¥n Novak

et al, 2008; Clark et a).2010; Silvola et a] 1996). Peatbog preservation is
therefore an important factor in climate change. Additionally, peatbogs and
saltmarshes are important in ecology, providing niche environments for plants,
animals and insects,dluding being an important stapver for migrating birds (e.g.
English Nature, 2002) ann salt marshesshellfish and fish (e.g. Natural England,

2014)

1.5 Linking the past to the present

Understanding any type of depositional system is useful for understanding past
environments. This is especially so for the energy industry as coetdatsdwith
extracting sour crude oibnd coal with large amounts of S are high. More
information and models during the early stagegshefexploration process could
potentially reduce production costs. This is because models could better constrain S
conent within oil or coalbut only if the depositional and diagenetic processes are
fully understood. Understanding modern day processes, however, cannot include
large temporal variations, including Eaihpositive or negative feedback systems.
The rock reord can identify globascale changes within the biogeochemical cycles.
The PalaeocerEocene boundary, for example, shows a major change in
atmospheric composition, preserved in the rock records as carbon isotope excursions
(CIE) (Kurtz et al., 2003; Mo@rand Kurtz, 2008; Cui et al., 20LIT'ypical carbon
isotope signatures have been identified from procedsats dccur today, thus

understandhg isotope excursions are relating modern day signatures with the past. In
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the case of the Late Palaeocene Theietimum, it has been postulated that there
was a loss of peat via burning that was a contributing factor to the CIE (e.g. Kurtz et
al., 2003; Cui et al., 2011), although certainly not proven (MaoKurtz, 2008).
Therefore, elucidating the intrinsic wangs of depositional systems that store
significant amounts of C will help understand present day systems, but also serve as

an analogue for both past and future systems in Earth System Modelling.

1.6. Approach of this work

1.6.1Rationale / approach

Metal and sulfur cycling in different aquatic environments is complex. Higher
resolution geochemical studies and comparison of modern and ancient environments
will advance our understanding of these cycles and how they interact with other

chemical species (@ trace metals, carbon).

1.6.2 Aimsand objectives

Redox reactions in sediments tend to occur over small vertical distances and are
expected to control most of the fate of sulfur and metal within the sediments. In
modern day aquatic sediment studies thethodology needs to have sufficiently

high resolution to pick up the detail in the povaters.

To identify the redox zones within the upper 40 cm of a peat bog in order to

understand the chemical evolution of the peat.

U To understand thesinhall scalgheterogeneity
U To understand thgeochemical gradients that may be important loci
of biogeochemical activity

U To link the hydrology, ecology and biogeochemistry.
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U To determine if thadiplotelmic modelis consistent with themall

scale processes

After the redox zones within the peat bog have been evaluated then undertake a

metals study.

U To understand potential sources of trace metals.

U To evaluate metal mobility within this system.

U To understand the relative mobility of different metals.

0 To determine if usig Pb dating in these sediments is suitable.

U To relate the redox zones with trace metal mobility.

To understand iron and sulfur cycling within a salt marsh.

0 To elucidate the redox zones.
U To understand early diagenesis.

U To link the unusual geochemistryttee depositional system.

To use the knowledge learnt from the previous-setbof modern day studies and
apply this to an ancient rock to elucidate the processes occurring during early

diagenesis.

U To identify differences in geochemistry and relate to sedtary
horizons.
U To elucidate the changing redox state(s) of the environment during

early diagenesis.
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1.7 Site details

Three differing sites wer@lentified to test the hypothesis. Thorne Moors in the
Humberhead Levels is a raised peatbog that has beshp®r to this study to
determine peat atmospheric archives (e.g. Novak et al., 2008a). Warham salt marsh
in Norfolk is a weltstudied salt marsh that shows peculiar geochemistry (Pye et al.,
1990). The Shalewith-Beef Member (Jurassic) is a test casedpplying modern

day observations and relating them to understand the depositional systems.

1.7.1 Warham Salt Marsh, Norfolk

Warham Salt Marsh is located on tderth Norfolk Coast, England {@ure 1.3) and

is separated into an upper marsh (c. 200€0@ years old) and a lower marsh (post
1850). These are separated by aeolian sands on a low beach ridge (Pye et al., 1990;
Penthick, 1980). Underlying the salt marshes are eroded boulder clay and chalk
(Funnell and Pearson, 1984). The lower salt marshdeasloped quickly. Aerial
photography taken in 1948 shows that the area was poorly vegetated with a limited
creek systemand by 1960 there was a wdkfined creek system on a well vegetated

salt marsh.
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Warham Salt Marsh, North Norfolk Coast.

Warham site is an accreting salt marsh located in North Norfolk, U.K.
The aim of using this site was to understand the iron and sulfur
cycling within these sediments. Imagmdified from GoogléMaps
(2010.

Figure 1.3

There are twanain sites used at Warham, orsea permanent water pan which has

devel oped on the | ower, younger mar sh

on the younger lower marsh is wdkveloped grasses found between permanent
pans (Lawns Site). Two other sites were used, one mantpising predominantly
and Hamenewgetatpm; these areg

Obushdé vegetation

located near the main sitdsdures 1.3 and 1.4).
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Figure 1.4  Warham sites.
These are the differing sediments types that were sampled at Warham
whicharee a water pan (Antds Pan), gr ass
major creek, three sites that are dominatedHayimone bushes, and
grass vegetation respectively. Warham Salt Marsh image taken from
GoogleMaps @010 andphotographdaken durindield trips.

1.7.2 Thorne Moors, Humberhead Levels

Thorne Moors (Figure 1.5) is a raised ombrotrophic peatland located in the
Humberhead Levels, Northern England, which covers 1909 hectares and its
approxi mate centr al p oi nW. ThescenGaBakea &6 17 0
chosen because thishas been managed as a National Nature Resamdehere the

shallow (2.5 m)Sphagnunmand Eriophorumdominated peat bog has developed in
previously cut bays that have not been disturbed sincd9##@ Additionally, the

peatland water table has been stabilized for over a decade as a result-attivpro
conservation programme (Roworth, 2000). Pollution at this site is derived from coal

burning industries and power generation in industrialized nortBegiand acid
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sulfate deposition at this site peaked in the 1970s and has declined ever since (Novak
et al., 2005). Within the cut bagix sites were chosen for sampliagproximately 5

m apart. Site 1 was an area of f&phagnun® | a wloséto the water tableith

small, very shallow open pools and mik&ophorum site 2 was a hummocky area
(hummocks up to 150 mm high above water tablg) comprised of a more equal

mix of SphagnunandEriophorum Site 3 was an open pool whilst sites 4, 5 and 6

were alsdSplagnumd awn s 6 .

Legend

Waterway

Motthay [ ] Village / town
Road D Sites
Extent of - Novak’s Site

! Thorne Moors (approx.)

Figure 1.5 Thorne Moor site.
Thorne Moors is an ombrotrophic peat bog located in the
Humberhead Levels, UK. The aim of visiting this site was to
understand where the redox zones were located and the behaviour of
metals in these sedimetypes. Maps modified from Google Map
(2010). Site locations were obtained by GPS data (Garmin
Forerunner 410).

1.7.3 Charmouth Beach, Dorset

Much of the cliff outcrops in this area are Jurassic in age. At that time much of

Britain was under shallow mae conditions (Bradshaw et al., 1992; Evans et al.,
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2003; Ziegler, 1990). Although there were eustaticleeal fluctuations (Hallam,

2001) the (Present Day) Dset Coast stayed swgueous (igure 1.6).

Figure 1.6  Palaeogeography of the British Isle and surrounding area.
This is the palaeotopography for (what is now) Europe during the
Sinemurian (Lower Jurassic). The light blues are shallow marine and
the dark blues are deeper; the darker greens are low lying land and
the lighter greens are topogrhjally higher. The aim of this study is
to elucidate the changing redox states(s) of the environment during
early diagenesidmage courtesy of Getech (2013).
During the Sinemurian, the Shalegh-Beef Member was deposited, a-2@8m
thick basal memberfahe Charmouth Mudstone Formation. The member comprises
fossiliferous marine paper shales, with limestone beds and interbedded seams of
Abeef o0, fibrous calcite separated by <cl a
Paul et al., 2008; Page, 2009).i9 formation also contains concretions which have
been studied by Wolff et al. (1991) who undertook a chemical analysis of them and
noted that they comprised of a calcitic core, dolomitic zone and calcitic outer rim.

The zones represent the different baateprocesses during the time of carbonate

formation which show that the environment was reduced throughout. This is
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consistent with the overlying Birchi Beds, which shd%{C values betweerl 0 to -

14a in the carbonate concretigreuggesting an imptant contribution of carbonate
derived sulfate reduction, and associated reducing environment. Additionally, the
shales are finely laminated with no evidence of benthic &ctilarshall, D82).

This member has been wsliudied (Lang et al., 1923; Marshall, 1982; Wolff et al.,
1991; Parkinson, 1996; Gallois, 2008; Paul et al.,, 2008; Page, 2009) and the
formation of concretions highlight a change in the poater chemistry ding

burial. Thus it should be a good test case to see if there are any preserved changes

between sulfur species and metals.

1.8 Bulk properties of peatbogs andsaltmarshes

To ensure that the appropriate sampling method is used we need to understand the

bulk properties of the types of sediments used in this study.

1.8.1 Peatbogs

Peats are formed from decomposing plants, and are often dominated by one or two
species, which in part dictates the internal structure of the peat which can range from

fibrous toamorphous (Shotyk, 1988). The plant types also have some control on the

peat shear strength which may be elevated if there are root zones (Waldron et al.,

1981). For instanc8phagnundoes not have roots whilEriophorumhas roots and

a high root turnove (Gebauer et al., 1995; Tolvanen et al., 2004; Currey et al.,

2011), leadingtoawetl e vel oped fr o oBriopmamadntribitegter (t hus
higher peat strength where there are roots). At Th&ioers Sphagnumand

Eriophorum are the predominant sges (Novak et al.,, 2008) The seasonal

variation in plant growth and subsequent dedaternal structure, amount of OM

and depth mainly determine thmermeability K) and porosity 4) of peat bogs
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(Brown et al, 2000; Aldrickand Feng, 2000; Mand Tobin, 2004). These changes

are important as they can modify lateral and vertical water flows either via creating
new channels, changing the size of the chanrmisa change in direction of
channels. Such changes to channels will ultimately introduce oxytgenew areas

of the peat thus changing the redox chemistry of the surrounding area. Clearly
peatbogs cannot be seas a homogenous system, howeabety are often described

as a two layered system; the acrotelm, which has high hydraulic conductivity and a
fluctuating water table, and catotelthe inert permanently saturated layer. The latter

is the main body of the peatbog. Importantly, this two layered approach is regularly
used in peatbog modelling for both ecohydrology eadbon budgeting (e.g. Holden

andBurt, 2003; Holden, 2005).

1.8.2 Saltmarshes

Salt marshes form on accreting intertidal zones in areas of low energy. The
sediments comprise muddy silts with a low organic matter and doand K,
however, if the sand content increases then seaw K (Boorman, 2009). As with

peat bogs, there is a reduction in g and K in the deeper sediments compared to the
surface, due to compaction and more decomposed states of organic matter. Salt
marshes have high rates of microbial respiration, thus oxygersidiffis limited to

the shallow parts of the sediment (Teal and Kanwisher, 1966). Therefore, bacteria
will use other chemical species, which yield less energyhen used in their
respiration (kgure 1.2 andlable 1.1), which should be stable; this resultdigh
amounts of BS in these sediment&.g. Alongi, 1998; Howes et.all981). Split

cores at Warham salt marsh illustrate the change in redox by a change in sediment
colour from the surface to the deeper parts of the peat (from lighter orange/brown

colours at the top of the sediment, to predominantly very dark grey/black coloured
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sediments over a short vertical distance). However, although fatatat flows are
uncommon at this site and burrowing is common in the shallower parts of the
sediment, therare clear lighter brown coloured horizons deeper in the sediments,
suggesting that the conditions become less reduced (Watts, 2006; Wilmot, 2007).
The reasons for this are not well understood but it is suggested that rapid burial rates
at this site, dueotthe high sedimentation rates, could have initiated conditions which
favour the reduction of iron more than sulfate, which may have allowed SRB to

reduce iron (Pye, 1981; Coleman et al., 1993).

1.9 Thesis outline

This aim of this chapter was to introduite project and samplingjtes; Chapter 2
covers the methodology and the rationale for choosing the sampling methods.
Chapter 3 identifies redox zones, specifically the reduction of nitrate and sulfate, at
Thorne Moors using poreater and other complim&ry data. Whilst Chapter 4
looks at iron and selected trace metals (both guiiase and poreraters) profiles

from the same site to determine their mobility. Poeger data (iron, sulfate,
chloride and nitrate) and solghase data collected (elemergalfur) from Warham

Salt marsh are discussed in Chapter 5. The final data chapter covers the
environmental conditions under which the Jurassic StwethsBeef Member was
deposited (Chapter 6). The discussion and conclusions (Chapter 7) synthesises key
findings from this study and identify where it fits in with current scientific

understanding.
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Chapter 2  Methodology

2.1 Porewater sampling: theory andapplications

There are numerous methods to measure-waters in aquatic sediments)d many

studies rquire high resolution sampling because element mobilisation typically
occurs over mm scales (e.g. Docekalova et al., 2002; Davison et al., 1991; Davison
et al., 1994; DevrieandWang, 2003; Teasdale et al., 1995; Chapman et al., 2002;
Xu et al., 2012). me methods used, however, depend on the research question
proposed, with the most appropriate method (or combination of methods) depending
on factors such as the chemical species determined, the nature of the sediment, and

the vertical, spatial and tempbsampling resolution required.

In this study, the key driver for the method of parater sampling is the need to
obtainvertical depthd at a f oy NOgX B@?, ZnCQu, Co, Cd, Pb and Ni at

high resolution (mm). Limited disturbance of the sedinveas also vital, especially

at the sedimentvater interface (SWI) as this is often where the key redox reactions
occur and steep gradients result (e.g. Fones et al., 2001; Docekalova et al., 2002;
Devriesand Wang, 2003; Davison et al., 1991; Fones et1#198; Xu et al., 2012).

These methods need to be compatible with both a peatbog and a saltmarsh, which are
both difficult to sample. Evaluating the methods for peeger sampling has been

an integral part of the study. Although there are npanezwatersamplingmethods

than discussed below, these are usually modified versions of the main samplers or

have been designed for a particular site in mind, thus they have been omitted.
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2.1.1 Coring, slicing and centrifuging

Coring is one of the simplest and chest procedures for obtaining interstitial pore
waters and soligphase chemistry, and as a consequence it is aestadplished
method (e.g. LaForce et al., 1998; Blomqvist, 1991 and references therein; Jezequel
et al., 2007; van Oploo et al., 2008). Awuhally, any unused samples can easily be
preserved as longsahe sample remains frozers this method is not #situ, the
integrity of the data can be compromised during sample collection from compaction,
due to mechanical disturbance (Blomqvist, 19%hd the mtroduction of oxygen
(Bufflap and Allen, 1995 and references therein; Bender, 1983), with the latter
altering the porevater redox state (Davison et al., 1982; Mortimer et al., 1998
Bufflap and Allen, 1995 and references therein). Additionablgems may arise
(mainly sample oxidation) from transportation of the cores from the field to the
laboratory (LaForce et al., 1998). Moreover, it is not always possible to retrieve
enough poravater when centrifuging the sample (note that this processlsan
induce changes in chemistry), allowing for only cm scale resolution (Carignan et al.,
1985; Davison et al., 1982; Jezequel et al., 2007), which could give rise to critical

geochemistry being misseésulting inerroneous geochemical interpretations.

Summary: this method is cheap and simple, with the main athge being that both
the solidphase and porerater chemistry data come from the same core. However,
potential problems include compaction, oxygenation, contamination andpatial

resolution.
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2.1.2 Welltype suction methods

2.1.2.1 Suctiornlysimeters /sedimentsippers

Sediment sippers are an array of different length PVC tubes which have porous bases
that are commonly used in coarser grained sediments (Montgomery et al., 1979;
BergandMcGlathery, 2001; Balistrieri et al., 2007). Equilibration takes between one
day and one week, although some workers have modified the design so that pore
waters equilibrate within hours (Fourqurean et al., 1992). Retrieval of the pore
waters is by suction, ually syringes, allowing for multiple temporal samples as the
device does not need to be removed. The initial equilibration time allows for
mitigation of sediment disturbance. Vertical resolution is often low, in some cases
between 5 and 10 cm, which mayssikey gradients due to redox processes

(Montgomery et al., 1979; BeandMcGlathery, 2001).

Summary: This method is useful for loAggrm porewater monitoring or studies
where replicates are needed in sandy sediments, however the vertical resolution is
relatively low compared to other methods. As the samplers can be left in place,

sediment disturbance is diminished.

2.1.2.2 Piezometers/ depth samplers

Piezometers are pipes which are placed into the ground. They essentially are small
scale wells and arpredominantly used to determine the hydraulic head in shallow
unconsolidated aquifers using dip meters. Water can also be sampled directly
following flushing. Modifying the piezometers by the additioncbmbers allows
measurements eémperature, pHrace metals, anions, cations and isotopic data, but
prevents use for head measurements (WasseamabiHendry 1999 Hendry and

Wassenaar, 2000). The time of equilibration varies depending on the substrate being
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sampled, for example, if they are placeifine-grained clays, which have lot
values, then the chambers could take months to years to fill (Wass@addtendry,

1999).

Contamination of the piezometers is a concern. In cagesaed substrates it is
possible that leaks from the higher eledateaters down into the boreholes could
induce chemical and microbial community contamination (Wasserahdendry
1999). WassenaandHendry (1999) noted that the piezometers had a faint smell of
H,S a year and a half after construction which mostyikaime from formation of a
microbial community within the piezometers themselves. As standard piezometers
are open wells oxygen can diffuse down into the peaiters. Using a piezometer
with a seal does prevent oxygen diffusion but can cause additiom@ntoation
issues from the sealing materjaésg. Nd and SQ* contamination from bentonitic
seals(Keller et al., 1991; Remenda ardn der Kamp, 1997). However, if an air
pocket is maintained between the sealing material and the top of the welltbereen
this can delay sealing material contamination for longer time pefiveimendaand

van der Kamp, 1997 up to three year@/NassenaaandHendry, 1999). Similar to
sediment sippers, the main advantage of using piezometers is fottetamg

sampling.

Summary: Piezometers have the potential to collect an array of data. If results are
needed over years or months, the use of piezometers ensures that data are collected
from the same locality. Depending on the substrate, fluxes can take a long time to
sampe, and there is also potential for contamination. This method is more
appropriate for aquifers and lotgrm sampling and is not very suitable for short

term salt marsh or peat bog studies.
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2.1.3 Microelectrodes

MicroelectrodesKigure 2.1) were introduckin biology to understand ion transport
over biological membranes (Revsbech and Jorgensen, 1986). Revsbech and
Jorgensen (1986) first introduced the use of oxygen microelectrodes in sediments,
after which they developed the method to measure pH andesuliiee method has
been continually developed to measure other species including nitrate, nitrite, carbon
dioxide and ammonium (Fones et al., 1998; Luther Il et al., 1998). Voltametric type
microelectrodes can measure more than one species at a timangatoetals
(Luther III et al., 1998; Luther Il et al., 2008; Brendeld Luther 1l] 1995). This
method is excellent for measuring pgmefiles at a very high resolution (sub
millimetre) within the upper centimetres of sediments (BardMcGlathery, 20Q).
Additionally, results are obtained immediately in the field. The probes, however, are
often delicate and can break if the sediment if compact or hard, or if the probe

encounters a shell or gravel.

Figure 2.1  Unisense redox microelectrode in the fiel measuring G.
The main advantage of this method is that results are obtained within
the field.

Summary: The major disadvantages are that the electrodes can break in hard and

very compacted sediments, and that not all analytes can be measured from this
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method yet. This method can be used for {@rgh sampling but the device is not
left in-situ thus another method may be more usiéfinle samplers are needediie
left in place. A major advantage of this method is that results are collected in the

field without further analysis.

2.1.4 Diffusion andequilibration methods

2.1.4.1 Diffusion dialysis samplerspeepers)

Peepers contain vertical fixed cells for pearater sampling which are deployed
straight in to the substrate. Thyge of sampling was deloped by Hesslein (1976)

and is a welestablished method for sediment/soil sampling (e.g. Teasdale, et al
1995; Jezequel et.al007; Jacobs, 2002; Bufflap aAden, 1995; van Oploo et al.,
2008). Peepers work by having discrete cells (typically 6namtiocal thickness)
which are filled with Mill-Q-water and are separated from each other by a
polycarbonate layer (typically 4 mm vertical thickness) (Hesslein, 1976; Teasdale et
al., 1995). A membrane filter (H#50 0.45mm) separates the direct contact between
the cells and the sediment and allows ions to diffuse through (Hesslein, 1976). The
clear advantage of this method is that it issitt sampling. Equilibration varies
between analytes but is typically days to wegkg. BrantlandHasselmann, 1991;
Teasdale etla 1995; Bufflap and Allen, 1995)Jezequel et al., 2007; van Oploo et
al., 2008). Sulsampling from a peeper raeto be quick (approximately 20
minutes) as the rate of oxygen diffusion into the chamizehigh, which will alter

the redox state of the peveaters (Carignan, 1984). Using Mr Ar will allow for

slower sampling (Teasdale et al., 1995).

Summary. Peepers can be carried outsitu which greatly reduces the risk of

oxidation. Equilibratio time is typically days to weeks. The chambers/cells are at a
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fixed size and are separated by a polycarbonate layer, which could miss out on
important geochemistryhowever, each cell can measure more than one analyte.
Subsampling has to be quick or umdé,/Ar so that there is no oxidation of species

after removal from the sediment.

2.1.4.2 DET and the DGT methods

Diffusive equilibration in thin film (DET) gels measure dissolved species in waters,
sediment porevaters and soil porevaters, whilst diffusve gradient in thin film

(DGT) gels measure fluxes of solutes to the poager (e.g.Davison et al., 1994;
Davison andZhang, 1994; Krom et al 1994; Denney et al., 1999; Zhamagd
Davison, 1995; Zhang aridlavison, 1999). Thin polyacrylamide gels haeeib used

in biology for DNA sequencing since the late 187@lthough the practice has been
used since 1959 (Sanger and Coulson, 1978). DET gel probes were first used in
geochemistry by Davison et al. (1991) with the technique being modified and refined
by others (e.g. Krm et al., 1994; Mortimer et al1998; Morford et al., 2003;
Robertson et al., 2008; Jezequel et al., 2007; Fones et al., 2001). Polyacrylamide
gels work by diffusive equilibration of dissolved species from peaers into the

gel throudn a cellulose nitrate filter membrane (e.g. Davison et al., 1994; Davison
andZhang, 1994; Harper et al., 1997; Mortimer et al., 1998). The gels are then sliced
into measured sections which can be cm to mm scale, and then a known volume of
liquid is added(this is usually Mill-Q-water or acid) which extracts the analytes
(e.g. Davison et al., 1994; Harper et al., 1997). The use of DET gels for many
procedures often only requires a small amount of volume for analysis (e.g. Harris

andMortimer, 2002)
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TheDGI' met hod is very similar except there 1is
the species of interest either stick ¢t undergo an irreversible chemical reaction
with. For the most part the gels are also sliced and processed using the same
procedure ashe DET gels, but in some cases analysis may not involve slicing the
gels, e.g. sulfide gels which are scanned and sulfide is measured by densitometry
(Teasdale et al., 1999; Devries anéng, 2003) and iron (ll) as well (Robertson et

al., 2008; Jezequel etl., 2007). Theoretically the DET method can be used to
measure any major ions within pesaters (Fones et al., 1998). The limiting factor

on what DGT can measure is the availability of a suitable binding agent. Both the
DET and DGT methods however, gneedominantly limited to aquatic sediments as
they are 98% water (e.g. Krom et .al1994; Jezequel etl., 2007; Fones et al.,

2001)and need to be kept hydrated when sampling.

The DET/ DGT gels sit within a Perspex/plastic probe with a protectivelass
nitrate filter membrane on top, which are sparged in nitrogen prior to deployment if
sampling in reduced environments. These methods are carried -sititl, irwith
sediment disturbance usually minimal and mitigated by leaving the probe in for
twenty-four hours. The gels only take around 10 minutes to equilibrate (e.g.
Shuttleworth et al., 1999; Morford et al., 2003). After the gels are sliced and
collected in the field they need to be bauilibrated in liquid as it is the gel
eluent(s) which arermlysed. If measuring posgaters with low ionic strength that

are close to the lower limits of detectjdhen the process of eluting the gel could

push the samples below detection.

Summary: The DET /DGT methods can measure an array of major ions (with mo
than one analyte being measufesim one probe) and have quick equilibration times

in saturated sediments. There is limited disturbance of the sediments during
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sampling and as the methods aresitu with gels that are already conditioned to
reduced ewironments then oxidation reactions atmlikely after site sampling. The

gels are sliced after deployment which can be defined per probe, thus resolution can
often be high enough to distinguish the products of redox reactions. Depending on
the type of aalysis, oft@ only a small volume is neededowever, if the pore
waters have a low ionic strength, this could push the samples below detection, due to

the dilution steps used.

2.2 Methods used for this study

This study uses three field sites, two of @hiare modern day depositional
environmentsa saltmarsh and a raised peat bog. Thege haen discussed in detall

in Chapter 1 (sectiond.7.1 and 1.7.Zespectively). The third site is a coastal
Jurassic cliff. Rock sampling that was undertaken here caased out by Nick
Rukin, David Ha#field and Simon Bottrell in 1989 and 1998s the sampling and
analysis was not carried out by the author, evaluation of the methods is not included
in this chapter. However, an overview of the paager sampling wasmaintegral

part of this study as it was necessary to evaluate an appropriate combinationt of pore
water sampling methods. A priority order was made to determine which methods
would be the most useful for the field sites and research questions posed.
Requirenents were: 1) being able to have a vertical resolution of 1 cm or less; 2) be
able to measure a suite of anions, cati

minimum sediment disturbance to limit introduction of oxygen.

Sediment sippers have a low reg@n and are more suitable for loteym
monitoring, as are piezometers which are designed to be used in aquifers and are

prone to contamination. Peepers have fixed cells and take dinoago equilibrate.
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Thus these three methodavenot beenused. Cang, which usually only obtains a

low vertical resolution, is useful as both pevaters and soligphase chemistry are
obtained from the same sample. DET and DGT gel probes acquire concentrations
and fluxes respectively, equilibrate quickly and have & higrtical resolution,
whilst having limited disturbance of the sediment. Detailed vertical measurements
of oxygen are important as the amount gfi®the porewaters will in part drive

key redox zones and microelectrodes are the best tool for thiehiing the results

from these three methods will help identify where steep gradients occur, thus

identifying processes occurring in the substrate.

2.3 Datacollection

Data have been collected at various field sites at various times. This section details

the timings and the procedures undertaken.

2.3.1 Datacollection from Thorne Moors

There were three visits to Thorne Meoin spring of 2010, 2011 and 2012 (see

Chapter 1 section 1.1 for a site overview)Six sites were chosen for sampling in

three sepate bays spread over a total distance of 200 m. Site 1 was an area of flat
Sphagnunii | awno ¢l ose to the water table with
Eriophorum site 2 was a hummocky area (hummocks up to 150 mm high above the

water table) comprisedf a more equal mix c6phagnumand Eriophorum Site 3

was an open pool and sites5and 6were alsoSphagnunfi| awn s 0 . Cores
collected and DET gels were deployed in sites 1 and 2 in 2010. Sites 1 and 2 are
located approximately 5 metres apart approximately 8 m away from the site

sampled by Novak et .al(2008). The cores were taken very close to where the gel

probes were deployed, but far enough away that any sediment disturbance due to the
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gel deployment was avoided. DET gels were degd@y sites 26 in 2011. Oxygen
profiles were measured situ at site 1 in 2010 only using Unisense microsensors.
Oxygen profile A was taken in a small open pool and profile B was taken from

within aSphagnunilled area. Shear Vane tests were undertak@0ir?.

Legend

Waterway

Motsiway [ Village / town
Road [ sites
Extent of - Novak's Site

! Thorne Moors (approx.)

Figure 2.2  Thorne Moors study site.
Six sites were used, but data for site 6 was contaminated and thus
ignored; however, the site is marked on the image for completion.
Images modified from Google Map (2010). Site locations were
obtained by GPS da (Garmin Forerunner 410).
Additional data were used; (sulfate and chloride analysed) rainwater was collected
by Rebecca Bartletietween January to March and March to June 2009 immediately
prior to the DET gel probe sampling from two stations on Th&foers following

the methods descritden Bottrell and Novak (1997).
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Thorne Moors (Trace metals study and redox reactions)

Site = Cores  Metals Metals Iron Iron Anions Sulfide = 02 Vane Shear
(DET) (DGT) (DET) (DGT) (DET) (DGT) (Probes) = Tests

1 1 1 1 1 1 1;2 1 1 3

2 1 1 1 1 1 1;2 1 1 3

3 2 3

4 2 3

5) 2 3

6 2 3

Table 2.1 Collection of data for Thorne Moor.
Data collection information for Chapters 3 and 4helTkey for the
dates of data colleain are 1 is May 2009; 2 is April 2011; &
September 2012.

2.3.2 Datacollection from Warham

Field trips to Warhamvere conducted in February akthrch 2008, February 2009,
October 2011 and February 201&nts Pan (AP) is a large salt pan which is
influenced heavily by the tides and is close to Concretion Creek, with a grassy area
in between. The samples were taken from the grassy area (CC). Close to this there
were two grassy areas; one was dominated by Halimone vegetation (HV), whilst the
other was dminated by bush vegetation (BV); both of these areas were sampled, as
well as a flat grassy area in between two pans (LWS). FiguBe® 25 show the

type of vegetatiomnd sampling areas and Figure &®ws where all the sites are in

relation to one asther.
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Figure 23  Warham study site.
Cores were collected from this site both for sqifthse (elemental
sulfur profiles) and poravater profiles (nitrate, sulfate and chloride).
DET and DGT gel probes were also deployed here, however, only Fe
DET probe were recovered. Imagmodified from GoogleMaps
(2010.

Location of
oxygen profile 1

Ants Pan

Location of
oxygen profile 2
/

Figure 24  Ants Pansite.
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This image shows the site sampling areas in relation to one another at
Ants Pan.The samples were taken from the same place throughout all
field trips at this siteFigure 2.3 shows this site in relation to the
other sites at Warham.

Grass near Concretion Creek

Figure 25

Page33

Concretion Creek.

This image shows the site sampling areas in relation to one another at
the site near Concretion Creekigure 2.3 shows this site in relation

to the othe sites at WarhamThis site was only used during the field
trip undertaken in March 2008.
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Figure 26  Lawns site, Halimone and Bush.
This image shows the site sampling areas in relation to one another at
Lawns, Halimone and Bushawns samples were tak in the same
place for all field trips Halimone and Bush were only used for the
field trip which was undertaken in March 20@8gure 2.3 shows this
site in relation to the other sites at Warham.

Table 2.2 summarises the d#tat werecollected durig the various field trips.

Warham
Site Cores Anions Cations Sulfide Iron Iron 02
(DET) (DET) (DGT) (DET) (DGT) (Probes)
AP 1,2 2,3,4,5 2 2,3,4,5 2,3,4,5 2,3,4,5 2,3
LWS 1,2 2,3,4,5 2 2,3,4,5 2,3,4,5 2,3,4,5 2,3

cc 2 2 - - - - -
HV E 2 - - - - -
BV - 2 - - - - -

Table 2.2 Collection of data for Warham.
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Data collection information for Chapter 5.h& dates of the data
collection are; 1 in February 2008 in March 2008; 3 in February
2009; 4 in October 2001; and 5 in Felary 2012.

2.3.3 Datacollection from Dorset

Nick Rukin collected the samples labelled Bv (number) in 1989, whilst the samples

labelled Bv (letter) were collected by Simon Bottrell in 1991. David Hatfield carried

out the analysis. &nplescollected wererbmt he Lower -with-Beefi®@hal es
Member from Black Ven, Dorset Coast, near Charmouth, U.K. Samples taken were

from: 1) the paper shales (BV8, bed 74b of Lang et al., 1923), located directly above

the Birchi nodular horizon; II) from the Birchi no@ulhorizon (BV9, bed 75a of

Lang et al., 1923); Ill) the paper shales located directly below the Birchi nodular

horizon (BV10, 11 and 12, the uppeart of bed 74 of Lang et a1923). These

horizonsare illustrated in Figure 6.2.

2.4 Sampling

2.4.1 Cages

Cores used were modified drain pipes (8*50cm) that had been sharpened at the

bottom to aid penetration of the core into the ground. At Warham only, a knife was

used to cut the roots on the outside of the core, again aiding penetration of the core
tubeeHowever, this procedure wasndét necessary
into the sediment easily. Additionally, trace metal concentrations were being

measured at Thorne Moors and a knife would pose a contamination risk. The cores

were removed as soos aompaction was measured, capped, placed into heavy duty

plastic bags, labelled and taped up, and immediately placed into dry ice. The cores

were always kept upright. On return to the laboratory the cores were transferred into
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freezers.Prior to slicing he cores, they were used as a visual guide to assist with
establishing the locations of zones, e.g. root zones and obvious changes in sediment
density and hydraulic conductivityCores were then sliced in a nitrogen glove bag.

The cores were sliced and/idled into two portions at a resolution of 4 cm for both
sites. One half of the sample was placed into a sample bag and returned to the freezer
ready for solidphase analysis. The other half of the sample (Warham only)
underwent a porevater extraction wlre the samples were placed ictntrifuged

tubes

2.4.1.1 Porewater chemistry obtained from cores

Warham samples were centrifuged at 10,000 rpm for 5 minutes and returned to the
nitrogen glove bag, filtered and syringed into new tubes. The separatedaiers

were then kept in a fridge until analysis.

2.4.1.2 Solidphasechemistry obtained from cores €emental sulfur)

Elemental sulfur was extracted from half of the core for Warham &vihylst still
frozen, the solid sediment was placed in a redpenvironment (nitrogeflushed
bottles), which contained 10@ of acetone. These were mixed well so that the
acetone couldissolvethe sulfur. The acetone was then separated from the sediment
using glass microfiber filtration, leaving the sulfur anddeal salts. Flushing the
washings with dichloromethyl (DCM) and filtering it with glass microfiber isolated

the elementatulfur. Results have been reported in Mortimer et al. (2011).

2.4.1.3 Solidphasechemistry obtained from cores {race metals)

Metds analysis of peats followed the protocol developed by Rowe et al. (1997). The
peat cores were sliced at a resolution of 4 cm, dried, weighed and ground into a fine

powder using a blender. Aliquots were weighed into crucibles (average weight of dry
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samplewas 2.76 g) and ashed in a furnace to @10Crucibles were reweighed to

determine ash content; then the ash was transferred -eareed beakers, 40 mL

7M ultrapure HNQadded and then heated (covered) to
ultrapure HCI was addl and the reaction continued overnight. Samples were then

guantitatively transferred to filtration on a pree i ghed 0. 45 em cel |l ul o:
filter. Before each sample was filtered, the filter and apparatus were flushed with 2M

ultrapure HCI. Filtrate wemade up to 100 Imand transferred to preleaned sample

vials for analysis by ICBMS (Perkin Elmer Optima 5300DV emission ICP) at the

University of Hull. The filters were dried and reweighed to determine insoluble

residue mass.

2.4.2 Gels: making the gek and constructing the probes

The DET gels and the backing gels are often stored in 0.01M pNaN®O1M NaCl
solution prior to construction. However, as this study measures both nitrate and

chloride the gels are predominantly stored in Mghwater (Kromet al, 1994).

2.4.2.1 DET gels

To prepare the polyacrylamide gels (following the method of Krom.,e1294), 9.5

ml of Milli -Q water, 7.5 ml of Acrylamide (15%), 3 ml of Cregsker (AcrylAide),

20 pl of TEMED (Tetramethylethylenediamine) and 200ofilinitiator (0.3 g di

potassium peroxdisulfate + MH water in a 10 ml volumetric flask) are mixed

together in a beaker. These are then carefully pipetted into the mould, which are two

clean dry glasplates (15.5*6 cmjhat are separated by threegpia inserts in a U

shape (0.8 mm). The moulds are then placed indmeat ed oGfermneat 35¢
hour for the mix to polymerise, after which, the polyacrylamide gels are left to

hydrate in Mill-Q-water for at least twentfour hours.
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Once the gels arhydrated, they can be placed into the Perfipexe (Figure 2.) A

strip of wet (for ease of handling) 0.45 uM cellulose nitrate filter membrane is
placed over the gel. The top frame can then be screwed into place (e.g. Krgm et al
1994; Mortimer et aJ 1998). Once the gel probes were assembled, they were placed

i n 50 cm | ong Per spex canister f411ed

oxygenated by sparging withpfor 24 hours prior to deployment.

Probe Trapping Diffusive Cellulose Probe front
gel gel nitrate plate
(DGT only) filter paper

<
= :

D
D

D D D D D D
|

D D D D DO D

\

=

Figure 2.7  Construction of the gel probe.
The trappng gel (DGT only) sits in front of the frame, with the
polyacrylamide gel next to it and finally the cellulose nitrate filter
membrane over the top of theSimce the gel probes are constructed
they are placed in water and sparged with nitrogen in prepamaior
deployment in anoxic sediments.

2.4.2.2 DGT gels

DavisonandZhang (1994) developed this method for measuring trace metals within

waters and sediments. The backing gels are thinner (0.24mm thick) than the DET
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gels and have cheledX@0-um bead sizeresin impregnated in them (Zhang et al.,
2002; Zhang et al., 1995). For this work the gels were ordered in from DGT
Research, Lancaster, as they have facilities to reduce metal contamination (e.g. Pb
within the atmosphere) whehe gels were being madeHowever, the probes were
assembled in a clean room to reduce Pb contamination from the atmosphere at the

University of Leeds.

Sulfide gels were made for this study, however due to deploymeneprsbresults
were unobtainablebut the methodology hagén included for completeness. Agl is
impregnated onto a backing gel so that an irreversible reaction occurs when deployed

in sediment where there is available hydrogen sulfide (Teasdale et al., 1999):

2Agl + HS Y Ag,S + H + 2r (2.2),

In adark room, 0.6 g of Agl and plastic beads are added to a small container and
shaken vigorously to grind the Agl into a fine powder. After which 9.5 ml of 1@illi
water, 7.5 ml of Acrylamide (15%), 1.5 ml of Crdssker (AcrylAide) 6 pl of
TEMED (Tetrametylethylenediamine) and 60 pl of initiator (0.3 gptitassium
peroxdisulfate + MilkiQ water in a 10 ml volumetric flask) are added and mixed
vigorously. As with the normal polyacrylamide gels, the mix is placed into a mould,
however the kbhaped insertgsre thinner and once the mix is in the moulds they
need to be placed into black plastic so that no light penetrates though onto the gel.
These are then placed into ajree at e d oGvuatihtheagel poB/rhegises. The

Agl impregnated backing gels arsalleft to hydrate in MilkQ-water, however they
must be stored in containers which are suitable for-Bghsitive materials (Teasdale

et al., 1999).
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The DGT gel probes are assembled in a similar way to the DET gel probes. The
backing gels are placed tonthe Perspex frame first. Both the chelex and Agl
impregnated gels undergo gravitational settling and concentrate on one side of the
gel; this side needs to be facing upwards with the polyacrylamide gel on top. A wet
0.45 pM cellulose nitrate filter memdmne sits on top of the polyacrylamide gel and
then the top frame can be screwed in (Zhang et al., 1995). These are also placed in
50 cm | ong Per spex canisters (fitled

oxygenated by sparging withpfor 24 hours prior taleployment.

2.4.2.3 DGT and DETgel deployment andr etrieval

Once the probes have been sparged for twintyhours, the gels can be placed into
the sediments. All gel probes were inserted directly into the sediment by hand. At
densely vegetated sitesdammy probe was inserted first to protect the gel from
rupturing. In the earlier stages of this work, longer gel probes were used (50 cm),
however, these often bent which allowed sediment to contaminate the gel. This
problem was resolved by using two shaalprobes (18 cm in leng) placed on an

aluminium rod (Figure 2)3
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Aluminum Rod

[—

16 cm 18 cth

/ 2

Gel probes —» 38 cm

Sediment

Figure 28  Method for gel deployment.
The long gel probes which can measure 40 cm of sediment tend to
bend during deployment rendering the gel useless, thus a new method
was usedcomprising two gel probes placed on an aluminium rod.
Aluminiumwasused so that ther& a s n 6 dhemial gontamination
during sampling
All probes at all sites were left in the sediment for twdoty hours. The probes that
were being analysed fom@ns, trace metals and (DET) total iron were sliced
immediately in the field into 1 cm sections before being further subdivided in half,
all within five minutes and placed into small (preighed) centrifuge tubes. The
rapid processing of the gel redu@ayy diffusional relaxation of gradients within the

profile. The DGT total iron gels were placed in sodium hydroxide which chemically

fixes the gels. These were also cut into 5 mm sectotise same day.
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2.4.3 Vaneshear

Vane shear testings an in-situ procedure which tests the strength of soils by
dropping a vane into the soil to measured depths, and obtaining a quantitative value
for the amount of force that is needed to pivot the blades at the bottom of the vane
(Geotechdata, 2010). This test hasrbesedo determinehanges irpeat properties,

which in conjunction with the visual overview of the peat cores, indicates where
lateral water flows are likely to occumhich would drive redox zones in peats. The
only complication in this test is whenehblades became clogged with roots:
however, it was clear when this happened as with every rotation of the blades, the
pressure needed increased exponentially. At least two tests were performed at each
site, with measurements made every 5 cm for the lgpem and then every 10 cm

down to a depth of one meter.

2.4.4 Microelectrodes

Oxygen profiles were measured using Unisévisosensors that were calibrated in
aerated DDW (100% oxygen saturation) and an anoxic solution (DDW sparged with
N2: 0% oxygen aturation) in the laboratory, immediately prior to field work. In the
field, the microelectrodes were placed on a micromanipulator mounted on a stand
and measured (using SensorTrace Prg)irOthe sediments at 0.5 mm (Thorne

Moors) and 0.25 mriWarham)vettical depth intervals.

2.4.5 Methods undertaken for Shalesvith-Beef Member

The following work was carried out ih990 and 199dy David Hatfield outlined

below are the methods which were written up at the.time
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Samples were crushed and dried; no-&ciltile sulfur was detected in the samples
studied. Pyrite sulfur was extracted using ttomouschloride digestion of
Canfield et al (198) and the HS evolved was precipitated as CuS from a
standardised Cu solution and then back titrated with EDTAletermine pyrite
sulfur. CuS precipitates were retained for isotopic analysis of gyrifeeactive Fe

was determined by both extractions whthiling HCI (Berner, 1970; Raigell et al.,
1988) and with dithionite (Canfield, 1989). Bitumen and zerovalatitirswere
extracted from the rock using dichloromethane in a soxhlet apparatus, and zerovalent
sulfur was precipitated as CuS on-@aol and bitumen recovered by evaporation of
the solvent. Extracted residues were treated with HF to removed mineral amakter
hence beneficiate kerogen. Elemental analysis of total organic carbon (TOC),
bitumen and kemen were carried out on a Caflwba 1106 Elemental Analyzer.
Bitumen and kerogen sulfur were oxidised to sulfate by combustion at 3¢ banO
Parr Bomb ad recovered as B&n, which was converted to(y for isotopic
analysis using the method of Halas et al. (1982). CuS precipitates were combusted
with cuprous oxide to produce $@r isotopic analysis (Robinson and Kusakabe,
1975) and bitumens combustedtlwiCuO to produce COfor carbon isotop
analysis. All isotopic analysewere performed on a VG SIRA 10 gas source mass
spectrometer and the daweere corrected using standard procedures (e.g. Craig,
1957; Coleman, 1980). Molecular analysis of the biturfration of BV8 was
performed on a Hewlett Packard 1890 gas chromatograph with@&entific Glass
Engineering DB5 fused silica column (id. 0.33mm, film thicknessn@)5using
helium as carrier gas. The oven was held at 100°C for one minute, ramge@ at 6

min™ to 300C and held at 30GC for 20 minutes. Detection was by a VG TFiio
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guadruple mass spectrometer, scan rangd0®amu, 0.90s scan time, 0.10s

interscan time.

2.5 Analysisprocedures

2.5.1 Anions

2.51.1 Preparing theanions from DET gels

Gel samples were immediately weighed to determine weight by weight difference.
They were then eluted in MillQ-water overnight to ensure baaquilibration and
transferredinto suitable Dionex sample tubes. Warham samples were eluted in
15001 of Milli -Q-water, whilst Thorne Moarsamples were eluted in 10@aMilli -
Q-water, reflecting the higher ionic strength of thet salarshes poravaters
compared withthe peat porevaters. Samples were gently agitated overnight on an
orbital shaker prioto CI, NOs, SQ? measurementbeingtaken by a Dionex ICS

90 ion chromatograph with AS14 analytical column. This system separated the ions
by measuring their charge which took a set amount of time per anion. Each sample
took 20 minutes to analyse fot ONOs;” andSQO,?. Every Dionex run had two blanks
followed by a series of standards and then two reference materials before samples
were run. The standards were different for both Thorne Mawd Warham due to

the highconcentrations at Warham and tbevlconcentrations at Thorne Moors (see
section 2.7 for both tables). Certified and quality assueéetence materials used
were Hamiltor20 and Thames River Water. Hamilt@ is water taken from the
Hamilton Harbour (Lake Ontario, Canada) and had 56r&boes participating in
analysis (National water Research Institute, 2006). The Tharmes water
reference material was taken downstream from HeoteVhames, UK by LGC

Standards. Two standards were run after every 10 samples, as was Hathgtonh
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afull set of standards were analysed at the beginning and the end of each Dionex run

to ensure analytical accuracy (see appendix A.1). The repeated measuring of the

reference material aided in determining how much, if any, analytical drift had

occurred asvell as the accuracy of the data. Precision of the data was determined by

the repeated measuring of the standards. A few of the full sample runs were analysed

twice as part of a quality control check (with runs being nearly identical). Although

the samplesind standards prepared had Miliwaterwater used throughout (18.2

MY), the mean was taken from all bl anks and

the Dionex calculated (all in mg/L).

The samples collected at Thorne M®bad very low concentrationd aitrate and
sulfate and, due to the dilution step inherent in the DET method, were close to
detection limits on the lon Chromatography system used. Therefore the data were
carefully checked, and detection limits were calculated individually for each
analytical run (see appendix A.2)The detection limit for the blank corrected data
was set at 3 times the standard deviation of the blank analyses @déiller,

1993). In all sites, chloride was well above the detection limit, unlike nitrate or
sulfate,which were close to (and occasionally below) detecfitve same procedure

was carried out for the nitrate analysis at Warham due to the concentrations being

low.

2.51.2 Preparing theanions from cores

Once the porevaters were extracted from the sedninéhis Chapter:2.4.1.3, the

samples were analysed on the Dionex and treated in the same way as the gels.
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2.5.2 Total iron

Concentrations and fluxes of total iron (Fe (II) and Fe (lll)) were measured from
samples collected from Thorne Moors using th&TDand DGT gel probes
respectively. The method (based on Viollier et al., 2000) uses spectrophotometry to
determine the amount of total iron in the eluted gel sample. As with the anions, the
iron DET and DGT gel samples were weighed so that the weighiecdetermined

from the difference. Samples were eluted (and gently agitated in an orbital shaker)
overnight in 30@1 nitric acid for a baclequilibration (oxidising Fe (ll) to Fe (lll)).

100 nL of gel eluent was added to a sample tube, followed by 56f sodium
hydroxide, 10@L of ferrozine solution (0.492 g of ferrozine and 0.76g of
ammonium acetate added to 100 Milli -Q-water), 200nL of hydroxylammonium
hydrochloride (9.7g of BINOH.HCI| made up to 100ml with 2M Analar HCI), and
1007L of buffer solution (ammonium acetate: adjusting to pH 9.5 with concentrated
ammonium hydroxide solution, and then made up to 1@@dthlMilli -Q-water). Full

colour development takes ten minutes after which the samples were measured on the
UV spectrometer. For each sample rfudl, standards were measuredafle 2.9),

then standard 6 arlfollowed by a repetition aen samples andandard 6 and 8,

until all samples were measured in that run. To finish the run three reference
materials (from another stock solution) were measured followed by the full set of
standards. The repetition of standard 6 was used to calculate thés&S&pendix

A.1) and dift calculations were appliedy using standard.7

2.53 Metals

The gels were ordered in to the University of Leeds from DGT Research, who also

conducted the metal analysis on their own-I@8. Prior to the samples being sent
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to Lancastr, both metal DET and DGT gels were sliced at 0.5 cm resolution and

eluted into 3061 0.1M HNO; and 1M HNQ respectively. Samples were also left to

be gently agitated overnight on an orbital shaker.

2.6 Standards used for analysis

The following tables show the concentrations of the standards that were used for

analysis of both anions dnron. Full standards were run at the beginning and at the

end of analyses; two standards were run after every ten samples and a blank.

2.6.1 Anions
Standards (Thorne Moors) mg/L
la 1b 2 3 4 5 6 7 8
cr 0 2 20 40 80 120 160 200 200
NOs 0 0.5 5 10 20 30 40 50 100
so” |0 0.5 5 10 20 30 40 50 200
Table 23 Standards used for the analysis ofhorne Moors.

la
ol 0
NO; O
sSoOs | 0

Table 24

Paged7/

The concentrations of the standards used prior, during, and at the end
of each run for Throne Moors IC analysis. As the concentrations are
lower inthe peat bog than in the salt marsh, the concentrations of the
standards were lowerforlBhan f or War hamdés standard

Standards (Warham) mg/L

1b 2 3 4 5 6 7 8

5 20 40 80 120 160 200 200
2 5 10 20 30 40 50 100
2 5 10 20 30 40 50 200

Standards used for the analysis dfvarham.

The concentrations of the standards used prior, during, and at the end
of each run for Warham Salt Marsh IC analysis. As the
concentrations are higher in the salt marsh than in the peat beg, t
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concentrations of the standards were higher for 1B than for Thorne
Moorsdé6 standards.

2.6.2 Ferrozine

Standards
Standard number 1 2 S 4 5 6 7 8 9 10
Mg/L Fe (from 1000 O 0.025 0.05 | 0.1 0.25| 0.5 1 2 3 4
mg/L Fe stock solutior)

Into 0.01 M acid
Table 25 Standards used duringiron analysis

The concentrations of the standards used prior, during, and at the end
of each run for both Warham Salt Marsh and Thorne Moors peat bog.

2.7 Data retrieval

Numerous field trips have been carried out at these dites, with not all data

collection being successful. This section briefly describes the problems encountered.

2.7.1 Thorne Moors

The sediment here is very wategged with gel probes easily penetrating the
sediment, as did the oxygen microelectrodbsis data collection was successful.
However, one data set (from one probe) had to be discounted as it became

contaminated.

2.7.2\Warham

Many of the trips to Warham were not successful for the DET and DGT methods.
This is because the gel probes belttew penetrating the sediment and allowed

sediment onto the gel. After reviewing the methodology and placing two probes onto
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an aluminium rod, sediment still gaon to the gels thus rendering them useless.

Ot her probl ems includedof auhrea g(ed. gpr ochreash s )s
being too hard, or too much vegetation which damaged the gels on deployment.

Probes that appeared to have successful deploymieinhot givesensible resulis

that is, concentrations were an order of magnitude out of thetegdpemge (relative

to seawater concentrations and previous studiég) gels not working properly may

be due toa marked difference between ionic strength between the-Qlilvater

which the probes were stored in prior to deployment and the isgtiee pore

waters. Conversely, cores were very successful at this site, with téestiltgere in

the expected concentration ranges; was the oxygen data collected using the

microelectrodes.
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Chapter 3  Thorne Moors Redox Zones

3.1 Introduction

Ombrotrophicpeatbogs, which receive all their nutrients from the atmosphere, are a
carbon sink (e.g. Turunen et,&002; Holden 2005; Belyeaand Baird, 2006) and

are estimated to have stored enough carbon to reduce global temperaturésdy 1.5
2°C over the last10,000 years (Holdern2005). However, due to anthropogenic
activity the ability of a peatbog to sequester carbon may be compromised and in fact
they may become a source of carbon rather than a sink (H&@d@s; Novak et al.

2008; Clark et a).2010; Sivola et al, 1996). Different disciplines tend to focus on
their specialized key aspects of peatland processes and an integrated approach is
needed to define the interactions between satalle processes (e.g. Dammb®i/8;

Morris et al, 2011). For insince, hydrologists have often used a -tayered
acrotelmcatotelm model to explain processes occurring in peat. This model is also
used in ecohydrology as well as peat development modelling and budgeting (Holden
2005). This twolayered model consists @n upper layer (acrotelm), which is
considered to have a fluctuating water table and high hydraulic conductivity, in
contrast to the lower layer (catotelm), the main body of the peatland, which has
much lower hydraulic conductivity, is permanently satutadad relatively passive
(Ingram, 1978; Holder2005; Morris et a).2011). In contrast, geochemists often
define processes taking place in peat layers by a series of characteristic changes in
porewater chemistry that are related to redox zonation.s Téilox zonation arises

from a series of microbial respiration reactions that yield successively less energy:
oxygenreduction; nitrate reductiomron reduction (which converts Fe(lll) in mineral

form to dissolved F&); and sulfate reduction. For instan sulfate is unstable in the
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presence of organic matter in reduced environments leading to microbial sulfate

reduction (MSR), reaction 3.1:
2H' + SQ? + 2CHO Y ,SH 2CQ +2H,0 (3.2).

The products of MSR are stable, including the neutralisation of acidity, as long as
the conditions remain anoxic and the reduced sulfur species produced are not re

oxidized (e.g. Giblin et al., 1990; Morgan, 1995; Qhap, 2001).

Free oxygen is typically consumed close to the surface of peats by microbial and
pl ant respiration typically within the fdfacr
supplied to the deeper parts of the peatland (e.g. Shotyk, 1988; ShotyKL893).,
Unless there are mechanisms to add oxygen into the catodetraf the system then

the reduced products will be stable. Mechanisms to introduce oxygen deeper in the
peat could be related to: a change in the wiatigle (Bottrell et al., 2004); phis
releasing oxygen from their roots (e.g. Armstrong et al., 1991); lateral water flows
(Holden 2005); or peat disturbance e.g. through removal or drainage. Degradation of
plant matter can also release relatively oxidized species (e.g. sulfate, nitrate)
(Shotyk, 1988; Blodau et al2007). Introduction of oxygenated waters into the
previously anoxic depths will result in sulfate and nitrate being released into the

porewaters, by reactions such as:
2FeS+70; +2H,0 Y * +ASGF + 4H (3.2

R-S-H + 20, + H,0 YO-H RSQ* + 2H" (3.3

(R- is an organic molecule)
2NH; +30,Y 2 N ®2H,0 + 4H (3.9

2NO;+1 0V 2 sNO (3.5
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Conditions for nitrification (reactions 3.4 and 3.5) in a peat bog, however, are not
ideal. Nitrosomonaswhich mediate nitrification, are inhibited at acidsi (e.g.
Jones and Hood, 198Bowden, 1987), although laboratory experiments have shown
that the inhibition of nitrification at low pHhas been underestimated (Tarteak,
2004). Additionally, nitrification needs a good supply of (Bee reaction 3.4).
However, it is not impossible for nitrificatiot® happen in reduced environments;
indeed, Mortimer et al. (2004) demonstrated that anoxic nitrification occurred in

marine sediments by reducing Mn Oxide (equations 3.6 and 3.7),
8MnOOH NH," + 14H" Y 8Mn** + NO5 + 13H,0 (3.6),
AMNO, + NHg" + 6H+ Y 4Mn?* + NO3 + 5H,0 (3.7).

Peatlands are often dominated by one or two types of plant species, which in part,
during the decomposition process, dictates the internal structure of the peat which
can range from fibrous to amorphous (Shotyk, 1988). The plant types also have some
control on the peat shear strength which can be reinforced within the root zone
(Waldron et al.,, 1981), for instancEphagnumdoes not have roots whilst
Eriophorumdoes and furthermore has a high root turnover (Gebauer et al., 1995;
Tolvanen et al., 2004; Crey et al., 2011), leadingto awelle vel oped #Ar oot
layer. ThusEriophorum contributes to higher peat strength where the roots are
present. Additionally, plants exert some control over the mmpology, which in

turn controls the sma#icale rundfand drainage channels. The dominant species of
plant and the amount of organic matter present in peatbogs are some of the most
important factors determining the overall porosity and permeability (Brown,et al
2000; Aldrich and Feng, 2000; Ma amdbin, 2004). However, the porosity will not

be homogenous throughout the peat due to seasonal and-temgevariation in
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plant growth and therefore decay, which will cause vertical variability in the porosity
and structure. Porosity and permeability are affected by the amount of root
layers and compaction that the peat has undergone. If lower density/higher porosity
and permeability layers exist within the peat profile they may permit lateral water
flows which could ultimately introduce oxygen (and/tner chemical contrasts) into

the peat and thus change the redox chemistry in that layer, ultimately affecting the

peatlands potential to store carbon, sulfur and other elements.

Over longer timescales the decomposition of peatlands is usually viewed as
essentially a homogeneous process (Clyh®84; Hatcher et al1986; Stevensgn
1994), although over shorter tirseales it is more heterogeneous as different
components can undergo selective decomposition (Hatcher #9&38; Hatcher and
Spiker, 1988) This selective decomposition would increase peater concentration

of certain compounds in localised areas, for instathe breakdown of organic S
from OM may contribute significant amounts of sulfate to peatland-waters
(Shotyk, 1988; Blodau eil., 2007). Peatland powwaters contain a much smaller
reservoir of reactive species, such as S and N, than the solid peat matrix. Fhe pore
water reservoir is thus sensitive to skerm changes in inputs and outputs of these
species and reflects actipeocesses, whereas the peat matrix records the sum of all
processes that have taken place during plant growth, decay and burial. Study of pore
water profiles is thus best suited to establishing the structure of active processes

within the peat and theirlagion to peat structure.

It is clear that peat structure, decomposition, fauna and hydrology areclatexd in
complex ways (e.g. Belyeand Baird, 2006;Holden 2005; Morris et al, 2011),
which influence the development of redox zones within & pedrix and the rate of

bog growth (e.g. Belyeand Baird, 2006; Holden2005), which ultimately control
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the ability of a peat bog to sequester carbon from the atmosphere (H20ME).

This is especially important for northern peatlands as they amgndicant global
cabon reservoir (e.g. Gorham991; Turunen et al2002). It is also clear the two
layered acrotelntatotelm model is too simplified and therefore when rigidly
applied, it rarely achieves proper explanationsofallscale processes ocdug
within the peat (e.g. Morris et al., 2011; Belyea and Baird, 20@8}ead, the
hydraulic behaviour in these systems must be controlled by a combination of
processes including flora, root layers, seasonality, rates of decomposition,
macropores, topagphical relief and other changes in peat matrix properties which
define porosity and permeability (e.g. Holden, 2005; Morris et al., 2011). These
processes allow heterogeneity in the geochemistry, sediment strength and hydrology,

both horizontally and vécally, within peatlands.

3.2 Aims and approach of this work

Chemical evolution of peat and the processes involved are usually investigated via
study of the peat matrix (which gives a thiméegrated history of changes with
depth) (e.g. Ukonmaanaho et, &006; Groverand Baldock, 2013) or by study of
porewater chemistry (e.g. Rausch et al., 2005). However, the spatial resolution of
porewater sampling by most techniques will fail to identify chemical changes
associated with processes and interactiorst thperate at the small scales of
heterogeneity associated with features such as macropores (Harper et al., 1997) and
individual roots within the peat, or even possibly contrasts in peat matrix properties.
Small scale features that affect the hydrologytte peat are likely to introduce
geochemical gradients that may be important loci of biogeochemical activity. DET
gel probes provide the opportunity to sample poager chemistry at mracale

resolution and address the importance of these features. Tupsedowith vane
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shear tests to measure the strength of peat (as a proxy for hydraulic conductivity) and
a visual examination of peat cores allows us to investigate the processes occurring in
a section of peatbog. Morris et al., (2011) noted that the wetpted theory of
decomposition hot spots seen in many terrestrial sedimentary environments is
relevant to peatlands, thus linking the hydrology, ecology, and biogeochemistry, and
furthermore is not inconsistent with the use of the diplotelmic model tcrides
smallscale processes. Here, the combination of DET gels, vane shear tests and an
assessment of peat cores are used to elucidate the biogeochemical processes which

occur in the top 40 cm of peatland.

3.3 Results

The two cores show similar featunegh discrete layers of variable density. As these
cores were frozen, it was visually very clear where there were large amounts-of pore
water present in lower density layers. The top 5 cm in core A, and top 8 cm in core
B, were comprised mainly of live drrecently dead organic matter, and both of these
layers also contained large amounts of frozen -p@ter (Figure 3.1). Below this,
both cores had low density and high parater content (82 cm in core A; 8.3

cm: core B). In core A there is dense ramdterial from 1237 c¢cm, whilst a similar
zone can be seen from-B3 cm in core B. Fewer roots are present frorBB@m

(core A) and 3487 cm (core B), with more humified peat. In core A from 31 cm to
the end of the profile (approximately 44 cm) there esser humified peat with a
lower water content, although there is an exception at 33 cm, at the base of the root
mat, where there is a thin low density zone with a large amount ofwadez. In

core B from 3741 cm, the core is similar to core A with welimified peat and low
water content, with the exception betweer333cm where a zone of lower density

and high poravater content again coincides with the base of the root zone.
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Figure 3.1  Frozencores.
Core A to the left and core B to the rigfibevisual overviews of the
cores reveal that there are areas of high and low density peat; this
could allow for water pipes within the peat. These cores also show
that roots are present throughout much of depth sampled
The vane shear profilesan beseen in kgure 3.2 In general, peat strength
increases with depth, though there is a wide range of strength at depth in some sites,
particularly sites 1 and 3. The exception is site 4 which has highest strength at
around 25 cm depth, probably due to vsinpng root mat development. However, at
sites 3, 4 and 5 there is a consistent local minimum in strength at 30 to 40 cm depth.
This corresponds closely to the depth where a low density zone was observed below
the root mat in the cores. Thus the vane skgangth data support the hypothesis

that there may be a widely developed low density (= high permeability) feature

below the root mat at many sites.
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Figure 3.2  Vane shear depth profiles.
Vane shear profiles taken for all sites. There are threec$etata for
all sites apart from site 2 (2) and 3 (8he vane shear results show
that strength of the peat is variable throughout all sites, however, the
strength generally increases as depth does with localised zones of
weaker peat.

In both oxygen priles, oxygen concentrations are around 110% atmospheric
saturation athe surface and quickly dease to 0% by about 5 mm depthgie

3.3). Below this, both profiles exhibit fluctuating, ©@oncentration, between 0% to
50% in profile A and 0% to 40% Jorofile B. The fluctuations decrease in amplitude
with depth, and between 35 and 50 mm depth in site A the fluctuations are between

0% and 20%. In site B, there is a large increase;indDdcentration between 26 mm
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and 32 mm depth (up to 96% saturationjolbewhich G, concentration fluctuates

around 0%.

Depth {(mm)

Figure 3.3

Depth (mm)

-10 40 90 -10 40 90

Oxygen (% atmospheric 0,) Oxygen (% atmospheric 0,)

Oxygendepth profiles.

A) open pool and BSphagnum lawn which were taken from site 1
only. Theshallowesttwo points are individual measurements, other
points are a Eoint binomially weighgd running mean which was
applied to remove high frequency noise that was prevalent in the
deeper parts of both profileé&lthough there is noise in the profiles,
they do show that by 5 mm, and in both sitess@epleted or at very
low atmospheric @sauration.

The choride profiles are plotted inigure 3.4. All chloride profiles exhibit fairly

uniform concentrations with depth, with some superimposed peaks. At site 1,

chloride concentrations are higher and more variable (20 to 45"niglthe uppe

10 cm, and fall to a range of 10 to 15 riglower in the profile. At site 2(A)

chloride concentrations are fairly uniform with depth (10 to 15 Mdiut with an

increase to around 35 mgLbetween 20 and 23 cm depth. Site 2(B) has

concentrations rangg from 15 to 35 mgt throughout the profile. Two main
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features are seen at site 3. In the top 20 cm values average out at 1Bunmnge
between 10 t@5 mgL™. Below 20 cm there is a general increase in concentrations
from 12.5 to 25 mgL}. At site4, porewaters in the upper 7 cm have concentrations
around 20 mgl! and there is a large peak atl@ cm which reaches 55 mgL
Below 14 cm chloride concentrations are generally higher at around 30™mgL
(range 21 to 40 mgt). At site 5 chloride conegrations generally show a similar
range at all depths (18 to 32 myL. superimposed in this are two peaks at 13.5cm
and 28cm of about 70 and 55 mglrespectively. Local rainwater data have been
included for the chloride profiles, plotted as data oait5 cm above water level in
sites 1 and 2(A). In both sites the rainwater concentrations are significantly lower

than the shallowest pesgater concentrations obtained from the gels.
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Figure 3.4  Chloride DET depth profiles.
Zero on the depth scatefers to the water level on deployment of the
probes (i.e. it is the same peas the oxygen profiles in Figure 8.3
Rainwater data for chloride is plotted at 5 cm above water surface on
the depth axis at sites 1 and 2(A) only. Detection limits vargdoh
species in each gel deployment and are plotted as a vertical line in
each profile. N.B. that these detection limits apply to gel data only
and detection limits for rainwater data are far loweChloride
profiles show variability through all sitegxcluding sites 1 and 2(A),
depth profiles were obtained Ipyacing two probe®n an aluminium
rod, whichcreated a gapn the depth profiles. These aag site 2(B)
~ 15.5 and ~ 20 cm depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15
and ~20 cm depth;® 5 ~ 15 and ~19.5 cm depth.

The nitrate profile obtained from site Eigure 3.5) shows that although there is an
immediate drop in concentration at the top of the profile, concentrations then rise
again (to about 15 mgl between 2 and 8 cm depth. |8e this depth,
concentrations are generally very low throughout the profile (1 to 4 nimlt

generally above detection limit), with some superimposed narrow peaks of nitrate at
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18 to 21 cm, 31 and 33 cm. In site 2 (A), nitrate concentrations are ggrhenalr

(<2 mgL*, many points below detection limit in lower part of profile below 25 cm)
but again there are large superimposed peaks at 3, 11, 18, 30 to 31 cm and 34.5cm
(Figure 3.5). In the upper 20cm of site 2 (B) the concentrations are low and fairly
uniform (mostly between detection limit and 1 miglranging to 2.5 mgt), below

20 cm there is a trend of generally increasing concentrations with depth upglo 2

! at the base of the profile. At site 3 there are two distinct peaks at 15 and 20 cm (7
and 5 mgL* respectively). The profile is otherwise below detection limit which is
relatively high at 2 mgtt in this case. Site 4 has elevated concentrations in the upper
3 cm of the profile reaching 13 mgLBelow this, concentrations are lower around
2.5 mgL until 14cm where there is an increase to 7.5 dielow which there is a
general, steady decrease for the rest of the profile. At site 5 the detection limit is

higher than at other sites (5.1 mfland all data lie below this.
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Figure 3.5  Nitr ate DET depth profiles
Zero on the depth scale refers to the water level on deployment of the
probes (i.e. it is the same zero as the oxygen profiles uwréig.3.
Detection limits vary for each species in each gel deployment and are
plotted as a vertial line in each profileNitrate is often close to
detection or below detection in all sites; although all sites (excluding
5) show that there are small, sharp positive excursions of nitrate
concentrations.Excluding sites 1 and 2(A), depth profiles were
obtained byplacing two probesn an aluminium rogwhichcreated a
gapin the depth profiles. These aat site 2(B) ~ 15.5 and ~ 20 cm
depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20 cm depth;
site 5 ~ 15 and ~19.5 cm depth.

At site 1 theras a marked increase between rainwater sulfate concentrations (around
3 mgL?) and the shallowest poeweaters (5.5 mgL:, Fgure 3.6). Below this, sulfate
concentrations are generally lower (1 to 4 mplbut with several superimposed
peaks at 7.5, 11.5,61and 19 cm depth. Between 22 and 28 cm depth, sulfate
concentrations are below detection limit (<1.2 miglor slightly above (up to 2

mgL™Y). Below 28cm there are three large peaks in sulfate concentration and a rise to
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~3.5 mgL* at the base of the ite. At site 2(A), sulfate concentrations in the upper

30 cm of the profile mostly fluctuate around the detection limit of 3.3 hagid are

thus similar to rainfall inputs. Indeed, surficial sulfate concentrations are below
detection limit and therefordower than the rainwater values. Once again
superimposed on these low values are large increases in sulfate concentration at
various points through the profile. Below 30 cm depth there is one very large sulfate
peak, below which sulfate concentrations al®ve detection limit, rising to 5.5
mgL™. In the top 15cm of site 2(B), concentrations are fairly uniform around 5 mgL

! below this there is a general increase in concentrations from 4 tad. mgL,

One large peak is found on this profile at 15 citihwvinaximum sulfate concentration

at 17.5 mgL’. At site 3 the upper 23 cm has sulfate concentrations around 4 mgL
(values range from below detection limit to 6 miylbut with one large sharp peak
(maximum 16 mgL}) superimposed at9.5 cm Below this sulfate concentration
increases to around 14 mglat the base of the profile. Site 4 has higher sulfate
concentrations than other sites; in the top 7 cm concentrations are around 10 mgL
there is a general increase in concentration between 10 and,Z%oml10 to 35
mgL™? superimposed on which are two large excursions, both reaching around 400
mgL™?, at 710 cm and 226 cm. Below the lower peak concentrations fall to around
10 mgL* and increase to ~20 mdlat the base of the profile. In the uppesna5

cm at site 5 sulfate concentrations are close to (mostly below) detection limit of 3.7
mgL™. Below this there is a slight increase in concentration above a sharp peak (30
mgL™?) at 26 cm. Below the peak concentrations are around 4'ragthe basef

the profile.
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Figure 3.6  Sulfate DET depth profiles.
Zero on the depth scale refers to the water level on deployment of the
probes (i.e. it is the same zero as the oxygen profiles unréig.3.
Rainwater data for sulfate is plotted at 5 cm abwxaer surface on
the depth axis at sites 1 and 2(A) only. Detection limits vary for each
species in each gel deployment and are plotted as a vertical line in
each profile. N.B. that these detection limits apply to gel data only
and detection limits for rawater data are far lowerSulfate profiles
show that in all sites the concentrations are variable; however as with
nitrate there are clear sharp positive excursions throughout the
profiles of Sg”. Excluding sites 1 and 2(A), depth profiles were
obtainedby placing two probesn an aluminium rogwhichcreated a
gapin the depth profiles. These aa¢ site 2(B) ~ 15.5 and ~ 20 cm
depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20 cm depth;
site 5 ~ 15 and ~19.5 cm depth.

3.4 Discussion

3.41 Core characteristics and vane shear strength

Two cores were taken from sites A and B, which underwent a visual examination

(Figure 3.1). In both cores, there is a large root mass and clear evidence for low
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density/high permeability zones that might promoteerkdt water flow. The

widespread areal extent of some of these zones is revealed by the peat strength data.

Roots are found throughout the cores and will have increased the strength of the peat
in those areas. Figure 3.2 demonstrates that there is greaterafion in peat
strength over the top half of the profile than the bottom half. The bottom half has
strength changes which are over a greater distance than in the top half, which
contains both peaks and troughs in strength. This reveals a combinatiow of
density zones (decreasing the strength), roots (increasing the strength) and
potentially the amount of decay that has occurred (the more humified and compacted
the peat the more likely the strength will increase). Higher strength root mats and
more compacted zones will both tend to have lower porosity and permeability than
the weaker, less dense layersdAdditionally, apart from site 5 there is some
heterogeneity within the sites. This probably reflects roots reaching different depths,
differing amoums of organic matter decomposition and differing states of

decomposition and lower density zones of various thicknesses across the peat.

34.2 Chloride

The shallowest waters recorded in all the gel probe profiles have higher chloride
concentrabns than the rainwater inputs (gure 3.4). This results from
evapotranspiration, which removes water but not dissolved ions, resulting in
increased chloride concentrations. Chloride is not expected to show major changes in
concentration down through the profileedause it is chemically conservative as it is
not released or taken up by plants and
redox reactions (Bottrell et.al2007). Sites 1, 2(B) and 5 illustrate this, with the
nearsurface chloride concentratiorepresenting recent evapotranspiration while the

deeper values represent the averaged effect of evapotranspiration on the input
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concentrations. However, in site 2(A) whilst the majority of chloride concentrations
indicate the same averaged evapotranspitasis site 1, there is a major peak in
chloride concentration around 17 cm depth. At site 3 there is a trend to higher
chloride toward the base of the profile (25 vs. 12 Hjgand site 4 has chloride
concentrations around 30 mgbelow 13.5 cm comparesith 15 to 20 mgL* above

(albeit with a peak superimposed at 8 to 10 cm). Bottrell et al. (2007) showed that
evapotranspiration caused seasonal increases in chloride at similar sites at Thorne
Moors, thus increases in chloride at the base of some prodildd represent mixing

with deeper (and older) more evaponcentrated watersThe presence of distinct
peaks in chloride concentration at sites 2(A) and 4 cannot be explained in this way;
these peaks could be due to lateral water flows (which could shigply differing
chloride concentrations, thus they would appear to peak at these horizons) at these
depths and there is evidence for low density (and thus higher porosity and
permeability) layers in both the vane shear tests and the cores. High chloride
concentrations could result from summer evapocentration or winter additions of
chloride from road gritting via aerosol/dust transport (e.g. Nicholson and Branson,
1990; Blomqvist, 2001)Thorne Moors lies close to twamotorways Figure 2.2;
Chapter 2)andthere was significant road salt application during the winters of the
study period. Whichever the source of elevated sufaater chloride, high chloride
waters could then migrate from surface to depth via lateral flow along higher

permeability pathays.

34.3 Oxygen

In both profiles there is a high oxygen concentration very close to the surface (up to
110% saturation) that quickly decreases to a lower but variable concentration (10 to

40% saturation) by 5 mm depth (Figure 3.3). This is the resuhofosynthetic
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production of Q close to the surface and diffusion of ffom the atmosphere which

is then rapidly consumed by respiration below thilse subsurface peak in profile B

is probably due to plant roots (eEyiophorum) releasing oxygen; theoce data back

this up as both cores have large amounts of live plant material in the top 5cm. The
variable low concentrations below 5 mm depth in both profiles thus represent
competition between minor oxygen input from roots and consumption by respiration.
Negative oxygen concentrations recorded at depth are probably due to a small offset
between the laboratory calibration and field response in the more complex peatland

groundwater solution.

3.4.4 Sulfate andnitrate

At all sites concentrations of sulfatethe shallowest waters are similay ¢o higher

than rainwater inputs indicating variable degrees of evapoconcentriéigomes 3.5

and 3.6). The ratio of sulfate: chloride can be used to remove the effects of variable
evapoconcentration and verticaloples of SQ/CI are plotted in Kure 3.7.
Rainwater inputs have S| around 0.7 whereas @I throughout all the pore
water profiles are generally between 0.2 and 0.4 (albeit with superimposed peaks),
thus in all cases sulfate is rapidly consumechan uppermost part of the profile, as
evidenced by a marked decrease in/8Obelow that of the rainfallRigure 3.7).
Consumption of sulfate at such shallow depths is most likely by plant uptake as
dissolved oxygen is still present and sulfate reducirgelia are obligate anaerobes

(cf. Bartlett et al.2009).
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Figure 3.7  Depth profiles of sulfate to chloride ratio.
As chloride is a conservative species and is not expected to undergo
changes deeper in the peat matric, any changes in sulfate/chloride
ratios are expected to be dominated by removal of sulfate by bacterial
processes. These profiles, however, show that there are large peaks of
sulfate relative to chloride in the peat matrix which can be seen in all
sites scattered throughout the depthsasweed; showing that there
are processes occurring deeper in the peat which must be either
oxidising the HS species or there are oxidised zones. Average
SQYCI (ppm) for rainwater inputs is plotted at 5 cm above water
surface on the depth axis. Excludisiges 1 and 2(A), depth profiles
were obtained by placing two probes on an aluminium rod, which
created a gap in the depth profiles. These are at; site 2(B) ~ 15.5 and
~ 20 cm depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20
cm depth; site 5 ~8land ~19.5 cm depth.

Deeper in most profilesulfate concentrations are close to or below detection, so
concentrations are very low (typically < 6 myL In the lower part of the profiles
there is a steady inase in sulfate concentrations (Figuré;&and SQ/CI, Hgure

3.7), to values above detection limit, toward the base. Superimposed on this
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increasing trend are peaks in sulfate concentration down through the peat profiles
that are at much higher concentrations than the background levels. 7/} &@os
increase at the same depths, confirming that this is the result ofinglesalate to

the porewater as the ratio of SQo Cl increases at ¢hsame intervals as the peaks
(Figures 3.6 and 3.7). The nitrate depth profiles are similar to tfosdfate, in the

sense that there are sometimes higher concentrations in the surface layers before
decreasing to low concentrations or the nitrate is below detection limit. The nitrate
profiles also show narrow (one or two data points) sharp peaksrebsed niate

down through the profile {Gure 3.5). Indeed, the loci of the sulfate and nitrate
peaks in each profile coincide, suggesting that both species are produced by the same
process. As these peaks are often defined by more than one datampadiogn be

seen in all profiles, it suggests that they are genuine peaks and not an artefact due to
gel contamination or analytical proceduréslditionally, as these probes have been
placed up to 200m apart and over a year between them, there is otlsarcevihat

there is a continual and widespread process creating these excursions. Gel probe
techniques have the capability to record very high spatial variability invpater
chemistry (e.g. Stockdale et al., 2009) and have recently been used to identify
localized production of sulfide in reducing microniches in sediment (Stockdale et al.,
2010). Additionally, Widerlund and Davison (2007) were able to identify sulfide
producing microniches <1 nfnin size. Thus the peaks observed in this study are
interpreed to record some localized process operating within the peat profile. Two
processes could cause such peaks: i) oxidation reactions (e.g. reactions 3.2 and 3.3
releasing sulfate 013.4 and 3.5 releasing nitrate@r ii) localized zones of
degradation of lant matter. Oxidation processes will not be caused by water table

fluctuations as the managementhas site has ensured they are stable, unless there is
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a major drought. No droughts were recorded at this site during the period of data
collectionand hisoric draughts will not cause the geochemistry seen at this site due
to diffusion of these specieAny oxygen at depth, which is needed to fuel oxidation
processes, must be released from within the peat itself rather than diffusing in from
the surface, shwn by the oxygen profiles iRigure 3.3. There are a few mechanisms
which could do this. Radial oxygen loss is where oxygen is released into the
rhizosphere by plant roots (Gaynarand Armstrong 1987), oxidising the
surrounding sulfide and organically doad nitrogen. This i only happen in the

root zone;although roots are present throughout most of the profiles saoaly
Decaying plant material can release osedi species. Aplant material becomes
humified, S, N and O are lost (Novak et,&009;Zaccone et al 2007;2011). The
original photosynthetic carbohydrate is very oxygeh, close to ChHO, 53% O by
weight, and during humification large amounts of O are released and O:C and H:C in
the humus residue fall (Stevenson and GIv1; Bohlin etal., 1989; Stevensgn
1994; Bottrel] 1996; Olk et al.2000). Thus S and N can be released as seddi
forms, as previously reported by Bartlett et al. (2005) and Blodau et al. (2007).
Although the water table has been stabilised, this does not have ifrarcyy control

over lateral flows within peatlands. Lateral flows within peatbogs are permitted by
the high porosity and permeability zones discussed above. These flows may
introduce oxygercontaining surficial waters into deeper anaerobic layers, lfocal
oxidising the surrounding sulfide and organically bound nitrogen. These are then
used up quickly by both the nitrate and sulfate reducing bacteria, returning them into
a reduced state. These reactions will be continuous unless the water flow is,shut off

leaving the reduced ions in a stable state. As discussed above these lateral water
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flows additionally add chloride to the system from the surface. Howeselt is a

conservative ion, it will simply diffuse up and down into the surrounding peat layers.

Regardless of the mechanism for introducing oxygen within the peat, once it is used

up (with no more oxygen being introduced), the peaks observed will then only be

transient. As the sharp peaks in concentrations contain only a very small mass of

sulfate @ nitrate, they will diffuse very quickly both to upper and lower depths. For
example, the large sulfate peak seen at 31 cm depth in site 2(A) will last only around

22 hours, according to the following c
R = D(dc/dz),

where R = diffusional flux, D = diffusion coefficient and (dc/dz) is the vertical
concentration gradienthe dffusion coefficient for sulfate was calculated from Li
and Gregory (1974) for a temperature
cont ai ns 7 pd enfof plan 8@ but SO is diffusing away at ~1.9 pg s

! (both upward and downward) per twf plan area. The gels equilibrate with the
porewaters very quickly and the peaks likely record loci of sulfate and nitrate
release dung the latter part of the gel deployment period. The high vertical spatial

resolution of the gels, |l ess than 0.5

Furthermore, by integrating the flux of sulfate and nitrate away from all peaks in
each priéile, it is possible to calculate the equivalent oxidation (expressed;as O

required) taking place @ble 3.1) using the following equation:
Z*A*(C 'Cbackga*ﬂ

where; z = vertical thickness; A = area; C = concentratigpag= background

concentrationand @ = porosity; this calculation has been done for peaks within the
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anoxic zone onlyThe equivalent oxidation varies from 0.6 to 9.5 pgsi” O,, and
represents the combination of oxidation capacity of humics, root oxygen release and
oxygen introdued by lateral flow. This shows that most of the processes occurring
in the deeper peat must be dominated the additior, @s@nore sulfate is produced

than nitrate, whereas if OM decay were the dominant source of the,spé&@snore

nitrate should beeleased than sulfate due to the N:S ratio being an average of 5:1 in
the peat matrix (Moore et al., 2004). This is confirmed in the N:S ratios calculated
for individual peaks in the potwaters (Table 3.2). The molar ratios indicate that the
addition of Q@ must be the main source of the nitrate and sulfate peaks; however,
there are other peaks that suggest that OM release (i.e. hotspots of decomposition)
occur as the ratios are nitrateminated, closer to the N:S of the peat (site 1, 4 cm
depth 4:1; site3, 14.5 cm depth; 3:1). Whilst not conclusive evidence for anoxic
hotspot decomposition, these data imply that there may be zones of OM degradation

that supply nitrate and sulfate to the peat poaters.

Site number
Species 1 2(A) 2(B) 3 4 5
SO# 5.0 4.4 0.7 1.2 13.4 0.9
NOg 3.1 2.0 0.6 0.4 0.7 b.d.
Total, recalculated as Q | 5.7 4.5 0.9 1.1 9.5 0.6

Table 3.1  Calculated fluxes of oxidized species produced in a vertical
section
This table demonstrates how much © needed to produce the
0 o u tdl, i et rtmapositivesconcentratioexcursions of sulfate and
nitrate deviating away from the background concentratidflaxes
are in pg & per cnf. b.d: all concentrations in profile lie below
detection limit
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Table 32

Pager’3

Site 1

Depth Molar ratio
cm N/S N:S
4.0 4.1 4:1
7.0 1.0 11
19.5 0.3 1:2
33.5 0.6 1:2

Site 2(A)

Depth Molar ratio
cm N/S N:S
10.5 0.4 1:2
17.5 1.2 1:1
18.5 0.2 1:3

30.75 0.3 1:3

Site 2(B)

Depth Molar ratio

cm N/S N:S
5 2.3 1:1
14.5 0.1 1:12
Site 3

Depth Molar ratio
cm N/S N:S
4.8 0.1 1:5
14.5 2.5 31
17.8 0.1 1.6
19.3 0.2 1:5

Site 4

Depth Molar ratio

cm N/S N:S

9.1 0.000 1:1843
25.6 0.001 1:480

Calculated nitrogen and sulfur ratios.

The concentration background levels close to the peaks and the peaks
themselves were determined for both sulfate and nitrate. This was
then used to calculate the molar ratios of N:S in the jveaeer
concentration within the deeper peat matrix (no spikes shallower 4 cm
depth were calculated). As the N:S ratio of peats ayerat
5:1(Moore et al., 2004), then this table would suggest that most of the
spikes are an introduction of poereaters into the peat matrix rather
than purely coming from the decomposition of peats. However, there
are some concentration excursions (sitarid site 3) which would
suggest that there is more of an influence of peat decomposition. NB:
site 5 nitrate was below detection and thus not collected. Site 4 shows
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very high sulfate throughout the profile and is therefore reflected in
the N:S ratios.

3.45 Thorne Moors peatlandrecovery

Peatlands exhibit complex responses to acid sulfate pollution (e.g. Lamers et al.
2001, 2002) and there is considerable debate over their ability to recover and
timescale over which this could occur. The recent canagon profiles of sulfate
reported here in surface waters at Thorne Moors are similar to profiles seen in non
polluted, noAmaritime peatlands (Steinman and Shoty897). This would suggest

that Thorne Moors has recovered from acid deposition and timéndot sink for
sulfur is no longer BSR at depth but nearface plant uptake, as happens in
unpolluted wetlands (Lamers et ,aR002). Thus, from the perspective of the
biogeochemical cycling of sulfur, the peatland ecosystem at Thédooes appears

to largely have recovered in the 40 years since the peak sulfur loadings of the early
1970s. This is in line with model predictions for recovery of headwater lakes in
peatland catchments in Finland, where declining sulfate iaoteasing acid
neutralising capaty (ANC) should lead to recovery during the period 2010 to 2030

(Posch et al., 2003).

35 Conclusions

Figure 3.8 (below) is a schematic representation of the processes occurring in the top
40 cm of a peat bog at Thorne Moors. In the surface of the $phsgnumand
Eriophorumtake up the sulfate and nitrate from the surface-paters (A), below

which the background values are close to detection limits (B). The chloride is not
reactive, although there are some subsurface peaks, which may be related to
transport of higher chloride water fraitme surface via preferential flow paths. There

are three major processes which increase the sulfate and nitrate at depth and one of
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these will affect the chloride coectrations as well. Process ddiie 3.8) is whee
there is a fAhotspot of decagthpoaspradicenod and

elevated sulfa and nitrate but not chloride.
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Figure 3.8  Processes at Thorne Moors.
An overview diagram of the processes affectingd& profiles at Thorne Moor3.he far left are real profiles from site 1; the X
axis does not show absolute values due to values being different for each species. Oxidised species of S and N ahe added to t
peatbogs in the surface by atmospheric deposition which bacteria then useaupaoairce of energy (A) leaving low values
throughout the peat (B). Over time the peat can be seen to decompose at the same rates but over-penpdhone peat
decomposes differentially which adds sHiwd spikes of S§& and N@ (but not Cl) which diffuse quickly both up and down the
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peat (C). Eriophorum have roots and these exudewnBich could
release @ and thus create a microenvironment whereby oxidation of
both N and S occur (D)l'he visual examination of the peat and the
shearvane showevidence for lateral water flows (pipes) which could
bring in O, from the surface, or at least differing amounts of 80

and NQ' from other parts of the peat (E).

When plant material decays and gradually becomes humified to form peat, itgelease
oxygen, sulfur and nitrogen (Novak et,&009; Zaccone et al2007, 2011). The
decaying plant material releases oxidised forms of sulfur (sulfate) and nitrogen
(nitrate). Release of oxiskd forms of sulfur at depth has previously been reported
by Batlett et al. (2005) and Blodau et al. (2007) and Knorr and Blodau (2009)
suggested that S could be recycled to sulfate by the electron accepting capacity of
humics. This process can be seen as discrete peaks in the DET gels that must be
only transitory asa steep diffusion gradient is set up, moving nitrate and sulfate
upwards and downwards away from the locus of productidithough the
decomposition of peat is essentially homogenous, the use of DET gels reveals the
heterogeneity of decaying plants whae gel is placed in close proximity to the site

of a decayhotspotallowing the observation of transient species on very small spatial
and timescales. At Thorne Moors, there are two main species present within the
peatbog,Sphagnunmand Eriophorum with orly the latter having roots. These roots

are long which is evident from both the vane shear tests and the cores which were
examined before being sliced. The end of the roots release oxygen (Gagdard
Armstrong 1987) which then reacts with the reducedrfs of nitrogen and sulfur,
releasing both nitrate and sulfate in the surrounding-paters (Process kigure

3.8). The data from the DET results strongly suggest that this process occurs
between the depths of 30 to 35 cm, additionally the vane slsarated the visual

examination of the peabbres concur with this. Again, this process will not add
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chloride to the porsvater. Where peaks in chloride, nitrate and sulfate coincide,
then lateral flow (process Ejdtire 3.8) is occurringassociated witta change in
hydraulic conductivity that allows lateral water flows to introduce water containing
oxygen and high chloride into previously reduced environments, promoting reactions
such as3.2, 3.3, 3.4, and 3.Depending on the type of flow, the oxygenynize
continuously introduced or it may be a sHoréd event. If it is the latter then the
resultant sulfate and nitrate will be quickly reduced. The chloride, which is a

conservative ion, will diffuse into the surrounding poraters.

This substudy highights the need for more data and better peat monitoring, if we
are to move away from the more simplified acrotelntatotelm concept, to
understand the functionality of peatlands as carbon sinks or sources. The multiple
fine scale processes are more caoged than previously thought, and although not
directly demonstrating how these systems are likely to respond to changes in
anthropogenic activity/inputs, it does suggest that the reduced sulfur loading which
Thorne Moors was subjected to until the ed®y0s, has now been mitigated giving

a recovery of approximately 40 yrs.

36 Further work

This work was originally undertaken to compliment the trace metals data; however,
the results show that processes occurring in the upper 40 cm are more complicated
than previously thought. This dataset was never intended to be a whaltugyp

thus field samples have been collected at different times for different methods.
Indeed, a more robust dataset is needed to understand the peat dynamics. Information
should & obtaind on: water table, peat soil moisture, conductivity porosity and

density to understand the bulk properties quantitativejydd®a should be acquired

Page’8 Chapter3
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until at least 40cm depth. The data presented above clearly shows trends both
spatially and temgrally. Nitrate and sulfate are released at depth whilst chloride

i snot suggesting that the process(es)
evapotranspiration. It has been hypothesised that some of these peaks are related to
6hot spot s 6 iom if sothen thevenspoald ke torrelating ammonium peaks.
Testing for ammonium can be done via the DET gels which can then be analysed by
IC for example. Additionally, as the formation of nitrate via nitrification is typically
slow, then the amounts oftrate, ammonium and sulfate should give sensible N:S
ratios, which are approximately 5:1. FurtHerowledge could be gained on the
reactions under which sulfate and nitrate are subjected to by sulfur and nitrogen
isotope data which would determine bactal fractionation of these species
Moreover, if sampled regularly over a set distance and time then a 3D model could

be developed, thus so would a comprehensive understanding of how the peat

dynamics change over time.

Page79 Chapter 3
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Chapter 4  Thorne Moors Metal Mobilit y

4.1 Introduction

Ombrotrophic peatbogs have often been used to reconstruct atmospheric deposition
as they receive all their inputs, including trace metals, from the atmosphere (e.g. Xia
et al., 1997; Shotyk, 1996; Shotyk et al., 2001). These atmosplergcmetals can

be from natural sources, e.g. volcanic dust, meteoric and windblown dust (e.g.
Nieminen et al., 2007), or anthropogenic, e.g. from heavy industries, hydrocarbon
combustion, coal burning, transport, municipal waste, sewage sludge incmerati
(e.g. Hutton and Symon, 1986) and motor vehicles (Ndiokwere, 1984 and references
therein). Consequently anthropogenic sources have significantly increased the
amount of trace metals in the atmosphere since the industrial revolution (e.g. Settle
and Paerson, 1980; Fengxiang et al., 2002he$e trace metals are considered by
many to be immobile once deposlhindiegd beca
capacity (Shotyk, 1996; Crist et al., 1996; Olid et 2010). At a broad scale, this
appears to be cfirmed; many studies using PP dated ombrotrophic peatlands
have shown that there is a strong correlation between increased atmospheric
deposition of trace metals and the start of the industrial revolution, and a decrease in
trace metal concentrations tivimore recent decline of heavy industry and use of
leaded petrol (e.g. Mackenzie et al., 1998a; Mackenzie et al.,, 1998b; Martinez
Cortizas et al., 2002; Novak et al., 2008). Similarly in older peat, Bronze Age copper
mining can be linked to increased wametal concentrations (Applelayd Oldfield,

1992; Mighall et al., 2009). Nevertheless is still contentious whether peat
faithfully records trace metal atmospheric deposition because there are a number of

earlier studies that clearly highlighted traoetal mobility within peat bogs (e.g.
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Damman 1978; Urban et 3l1990; MacKenzie et al., 1997). Remobilisation of trace
metals within peat bogs could be attributed to any of the following factors: change in
the chemical speciation of an element; whethertrace metals were strongly bound

to organic matter (OM) or to dust particles when they entered the peat bog;
dissolution or precipitation of sorbing phases, e.gMrRe(hydr)oxides; reactivity

and redox sensitivity; changes in physateemical conditias within the peatbog
(e.g. Shotyk, 1996a; Martinez Cortizas et al., 199vardowska et al., 1999; Brown

et al., 2001Koretsy et al., 2008Kumpieneet al., 2007 and refences therein; Sipos

et al, 2008).

Most studies that try to elucidate the mobility of trace metals in peatbogs use a
derivative method based on the collection and analysis of cores (e.g. Schell et al.,
1989; Urban et a11990; JoneandHao, 1993Vile et d., 1999; Shotyk et al., 2001;
Novak et al., 2011), which generally only achieves a low vertical spatial resolution
(typically cmscale). Alternative methods that can achieve-seale resolution are
diffusive equilibration in thin films (DET) and diffuge gradient in thin films
(DGT), which quantitatively measure pemater concentrations and fluxes
respectively (Zhang et al., 1995; Odzak et al., 2002; Scally &0fl4; Leermakers

et al., 2005). The high spatial resolution allows identification o&lsmdividual

peaks and steep geochemical gradients, reducing the risk of erroneous
interpretations. These methods also maksitin sampling easy in hydrologically

complex peat bogs.

Lead mobility has been previously identified by Urban et al. (1990)p w
demonstrated (by mass balance equations among other methods) that Pb was
mobilised in peatlands. In contradtlovak et al (2008), who studiedvarious

peatbogs in Europe, showed that there were good correlations with regional peaks in


http://www.sciencedirect.com/science/article/pii/S0269749106000868

Pb and increasedtraospheric Pbemissions. This substudy investigates the
mobility of trace metal behaviour in a peat bog using DET, which identifies pore
water gradients in metal concentrations that might imply diffusional redistribution of
metals, combined with DGT, wth identifies rates of supply from the solid to the
porewater, to determine the behaviour of Pb and other metals in a peat bog. The use
of DET and DGT alone will not elucidate the sources of the metals, which is crucial
to understanding how the metals aed in the peatland, thus the sqblase
concentrations (of major and trace components) are measured in order to help
identify their sources. For example, the ash content of the peat bog is a proxy for
atmospheric dust input and hence if the trace metatentrations are related to ash
content, this suggests an atmospheric dust source (Kylander et al., 2005).
Additionally, the concentrations taken from the sqllthse chemistry help

understand longer term behaviour of the metals than is possible fronofIEFT.

4.2 Results

4.2.1 Core bulk properties

Whilst still frozen Figure 4.1), cores were examined for any obvious changes in peat
density and hydraulic conductivity; both cores had discrete layers of variable density
which were comparable to each otireterms of depth and location. The upper parts

of both coresi.e. thetop 5 cm (core A) and 8cm (core B), contained large amounts
of frozen porewater and live and dead organic matter. A dense root zone was seen
down to 37 (core A) and 34 cm (core B)ilshthe deepest part of the peat contained
fewer roots. Throughout the profile there were discrete zones of lower peat density

where larger amounts of frozen pavater were present.
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Figure 4.1  Frozencores.
Core A to the left and core B to the rigfitie visual overviews of the
cores reveal that there are areas of high and low density peat; this
could allow for water pipes within the peat. These cores also show
that roots are present throughout much of the core.

4.2.2 Ash

The uppermost peat has ahaontent of around 2% in both cqrasd it increases

with depth (kgure 4.2). In site 1 the ash content initially increases to ~4%, then
decreases to less than 2%, increasing to ~8% at approximately 33 cm. Below this
there is a sharp decrease, althotlghlast data point shows that the ash content has
increased. Site 2 has lower values overall then site 1 and the peaks are less
pronounced. Ash in site 2 shows a generally increasing trend with depth, with a local

minimum at 26 cm.

4.2.3 Aluminium and scandium

Apart from a major difference in the magnieudf absolute concentrationsigire
4.2), up to nearly 4000 ppm in Al and 1.5ppm in Sc, these profiles are very similar

and follow the ash trend closely in each core.



0 2 4 6 8 100 2000 4000 0 1 2
0 L L 1 L L L T

Q. Qitel — Sitel

® “O ite2 & =@ Site2

Ash Content Al (ppm) Sc (ppm)
(Solid Phase) (Solid Phase) (Solid Phase)

Figure 4.2  Ash, Al and Scsolid-phaseprofiles.
Ash, Al and Sc profiles for Thorne Moors peat bogs for sites 1 and 2.
The concentrations of Al, Sc and ash increase towards the deeper
measured section, although there is a maximum concentration at
approximately 35 cm.

4.24 Iron

Solid Phae Iron (Fep): Coneentrations in the soliphase (lgure 4.3) range from ~
2000 (site 1) and 1300 (site 2) to 4000 ppm, withealiam of ~ 2900 in both sites
(Table4.1). At site 1, there is an increase in total Fe concentrations from 21 cm to 40

cm. Atsite 2, iron concentrations show a local minimum around 26 cm.

Iron Concentrations from Poreaters (Feet): At both sites the iron concentrations
(Figure 4.3) are similar throughout the profile, with some scatter and short localized

increases in concamations.

Iron DGT Fluxes (Fgst): The upper part of the DGT profileBigure 4.3) shows an
increase in availability with depth (from 0 to approximately 0.03 pgEhin both

sites) to a maximum at about 5 cm. Fluxes stay approximately constant to 10 cm
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then decrease to lower values in the rest of the profile. At site 2, there are a number

of localised peaks that are not evident in site 1.
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Figure 4.3

4.25 Zinc

Solid Phase Zinc (&p): Zinc concentrations within the solid phadeg(re 4.4)

show a narrow range in concentration between 40 and 50 ppm over the upper 22 cm,

Solid-phase and porewater profiles for iron.
The general trends for the solphase Fe concentrations eathat it

—e—Site 1

=& Site 2

—e—Site 1
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Total Fe (pgecm2s?)
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increases with depth. Iron concentrations from DET, although noisy,

have a

baseline

bet

ween 0. 2

and

concentrations. Fluxes of available Fe are higher in the near surface
than in the deeper part of the peat;, agahese profiles have flux
0s pi lodghatéa.long8r depth profile is obtained, two probes are
placed on an aluminium rod; this creates a gap between the two

probes and is between Site 1: 15 and 20 cm (DET) and 15 and 20 cm

(DGT). For Site 2 these gapseaat 15 and 20 cm (DET) and 14.5 and

17.5 cm (DGT).

below this concentrationsare generally higher with the exception of a local

minimum at 26 cm in site 2.

0.
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Zinc DET Concentrations (Zg1): Both sites Figure 4.4) are generally

characterized by a narrow range of Zn concentrations (200 to 400 ppb) throughout

the profile, howeverthere are numerous localized increases in concentration at site 2

(comparedvith only one in site 1).

Zinc DGT Fluxes (Zst71): Below 10 cm depthHgure 4.4) both profiles generally

exhibit a narrow range in Zn flux (aroundo8cni’s?’). However, in theippermost

10 cm the two profiles are more different; site 1 shows a minimum of approximately

1 pgcmi’s® between 2 and 4 cm depth whilst site 2 shows a maximum of 73sgcm

over the same interval.
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Figure 4.4  Solid-phase and porewater profiles for zinc.

The general trend for the solghase Zn concentrations is that it
increases with depth in both sites 1 and 2. Zn concentrations, similar

to the other trace metals data are noisy, but have a baseline between

300 and 350 ppb andodéoaisocbacventsha
Fluxes of available Zn are higher in the near surface for site 2 than in

the deeper part of the peat, whilst there are no major changes in
fluxes for site 1; againothdiase pr .



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

longer depth profile is dhined, two probes are placed on an
aluminium rod; this creates a gap between the two probes and is
between Site 1. 15 and 20 cm (DET) and 15 and 20 cm (OKa).

Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2 .6Nickel

Solid Phase Nickel (Nk): Nickel concentrations within the solid phase for both
sites Figure 4.5) generally show a gradual increase with depth. However, site 2

shows a pronounced maximum (11 ppm) at 8 cm.

Nickel Concentrations from Posgaters (Nber): For both sites the Ni
concentrations generally lie in a range of 15 to 40 ppb throughout the depth profile
(Figure 4.5), however, there are a number of localized increases in concentration in

the site 2 profile.

Nickel DGT Fluxes (Nis7): Both sites Figure 4.5) show a similar range of variation
(0.2 to 0.8pgems™) but the locations of maxima and minima differ between the two

profiles.
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Figure 4.5 Solid-phase and porewater profiles for nickel.
The general trend for the solghase Ni concentrations ithat it
increases with depth in both sites 1 and 2. The DET -pater
concentration profiles show lots of sharp increases in Ni
concentrations throughout the measured section superimposed on
background levels which are between ~12 and ~17 ppb (site 1) ~18
and ~30ppb (site 2). Fluxes of available Ni are higher in the near
surface for site 2 than in the deeper part of the peat, whilst in site 1
the near surface shows a lower amount of available Ni in the-near
surface; however, available Ni is between 0.2 @nhél pgcrfs?
throughout the measured sectioro hat a longer depth profile is
obtained, two probes are placed on an aluminium rod; this creates a
gap between the two probes and is between Site 1: 15 and 20 cm
(DET) and 15 and 20 cm (DGTRHor Site 2 tlese gaps are at 15 and
20 cm (DET) and 14.5 and 17.5 cm (DGT).

4.27 Cadmium

Solid Phase Cadmium (gg): In both profiles Figure 4.6), Cd concentrations
increase with depth from 0.3 ppm to 1.6 ppm, however, there are superimposed local

minima at 40cm (site 1) and 26 cm (site 2).

Cadmium Concentrations from Peweaters (Cg@gr): Both profiles Figure 4.6) are

characterized by a similar range of variation (1 to 5 ppb) over the depth investigated.
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However, superimposed upon this there are a numbeocal imaxima in both

profiles.

Cadmium DGT Fluxes (Gdr): Measured Cd fluxes are low compared to the other
metal fluxes desdved above (&ble4.1). In site 1, there is very little variation in
flux values (0.005 to 0.01 pgcfs?) over the whole profd, apart from a sharp peak
at 22.5 cm where fluxes reach 0.05psit(Figure 4.6). Site 2 however, has higher
fluxes (0.02 to 0.05, single point at 0.3 pg@ac’) in the upper 15 cm. Below 15

cm, the profile at site 2 is similar to site 1.
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Figure 46  Solid-phase and porewater profiles for cadmium.

The general trend for the solghase Cd concentrations is that it
increases with depth in both sites 1 and 2. The DET -pater
concentration profiles for Cd show that the concentrations are low
throughait (around 1 to 2 ppb site 1; 1 to 5 ppb site 2); again there
are sharp increases in concentrations of Cd, particularly so for site 2.
Fluxes of available Cd are higher in the near surface for site 2 than in
the deeper part of the peat, whilst in site & fluxes are close to
0.009 pgenis™ throughout the measured section. Below ~20 cm, flux
values are close to 0.009 pgésit throughout theest of the profile.

So that a longer depth profile is obtained, two probes are placed on
an aluminium rod; thicreates a gap between the two probes and is



between Site 1: 15 and 20 cm (DET) and 15 and 20 cm (OXar).
Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2.8 Cobalt

Solid Phase Cobalt (Ge): In both profiles Figure 4.7), © concentrations increase

with depth from 0.4 ppm to 1.8 ppm, however, there are superimposed local minima

at 40 cm (site 1) and 26 cm (site 2).

Cobalt Concentrations from Poneaters (Ceer): At both sites Figure 4.7) Co
concentrations in the upper 1cthh (0.3 to 0.7 ppb) are lower than the rest of the

profile (0.8 to 1.5 ppb).

Cobalt DGT Fluxes (Gsst): Measured Co fluxesFgure 4.7) are very low
compared to the othenetal fluxes described aboveafile 4.1). In site 1, there is
little variation in flux values (0.001 to 0.004 pg&si') over the whole profile. Site 2
however, has far higher fluxes (0.003 to 0.006 pgghin the upper 8 cm. Below

this the profile at site 2 is similar to site 1.
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Figure 4.7  Solid-phase and porewater profiles for cobalt.
The general trend for the solghase Co concentrations is that it
increases with depth in both sites 1 and 2. There is a sharp decrease,
followed by a sharp increase in concentrations for both sites 1 and 2
in the very neasurface; after this and inboth sites the Co
concentrations are close to 1 ppb. Fluxes of available Co are higher
in the near surface for site 2 than in the deeper part of the peat, whilst
in site 1 the fluxes are lower in the near surface. Deeper than this,
fluxes are close to 002 and 0.003 pgcis* throughout the rest of the
profiles. $ that a longer depth profile is obtained, two probes are
placed on an aluminium rod; this creates a gap between the two
probes and is between Site 1: 15 and 20 cm (DET) and 15 and 20 cm
(DGT). For Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and
17.5 cm (DGT).

4.29 Lead

Solid Phase Lead (Rp): Both profiles are characterized by low concentrations in
the upper 20 cm (15 to 35 ppniidure 4.8). Below this there are maxima at 32 cm
(102 ppm) site 1 and 34 cm (135 ppm) site 2, with superimposed local minima at 40

cm site 1 and 26 cm site 2.

Lead Concentrations from Poseaters (PBer): In both profiles Pb concentrations
in the uppermost 1.5 cm are low (5 to 20 ppb) below which tisemeweltdefined
maximum (93 ppb at 3 cm). Below 5 cm depth both profiles exhibit a similar range

of variability, between 20 and 40 ppEdure 4.8).

Lead DGT Fluxes (Rix7): Both profiles Figure 4.8) are similar with fluxes
between 0.05 and 0.11 pgést over the depth range measured, with the exception

of site 1 which has lower fluxes (0.03 to 0.06 pdst) in the upper 5 cm.
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Figure 4.8  Solid-phase and porewater profiles for lead.
The general trend for the solghase Pb concentrations is that it
increases with depth in both sites 1 and 2. Similar to the profiles for
Co, there is a sharp decrease, followed by a sharp increase in
concentrations for both sites 1 and 2 in the very rmaface;
however the increase in much larger in Pb for site Inc@atration
values lie between 25 and 35 ppb. Fluxes of available Pb are lower in
the near surface for sites 1 and 2 than in the deeper part of the peat.
Deeper than this, fluxes remain between 0.055 and 0.13 fsci®
that a longer depth profile is ¢tdined, two probes are placed on an
aluminium rod; this creates a gap between the two probes and is
between Site 1: 15 and 20 cm (DET) and 15 and 20 cm (O&T).
Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2.10 Copper

Sold Phase Copper (G): Both profiles Figure 4.9) are characterized by low
concentrations in the upper 20 cm (3 to 13 ppm). Below this there are maxima at 32
cm (36 ppm) site 1; 37 cm (31 ppm) site 2, vatbuperimposed local minima at 40

cm site 1 an@6 cm site 2.
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Copper Concentrations from Porveaters (Cger): The profiles for sites 1 and 2 are
very similar to each otheFigure 4.9). Most data lie in the range 24 to 60 ppb but

there are numerous localized increases in both profiles (up to 250 ppb).

Copper DGT Fluxes (Gg&1): Over the depth interval 6 to 15 criigure 4.9),
profiles for sites 1 and 2 are similar, with fluxes of 0.25 to 0.35ffgCrbetween 6
and 12 cm depth increasing to approximately 0.7 pgtat 15 cm. In the
uppermost 6 cnfluxes at site 1 (0.2 to 0.4 pg&si’) are lower than those at site 2
(0.4 to 0.65 pgcifst). Below 20 cm, fluxes are also generally higher at site 2 than

site 1.

NB: in the DGT data where the probe joins (between 15 and 20 cm) and in both
sites, theras potentially one large peak in the Cu flux or two sharp peaks. As this is
where the two probes join it is hard to interpret if this is an artefact of the probe
construction or is a real flux increasbus interpretation has been approached with

caution.
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Figure 4.9  Solid-phase and porewater profiles for copper.
The general trend for the soljghase Cu concentrations is that it
increases with depth in both sites 1 and 2. The DET -pater
profiles for site 2 shows that there are many spikes of Cudimaut
the measured section; however, the background concentrations of Cu
lie between 20 and 50 ppb for both sites 1 and 2. Fluxes of available
Cu are higher in the neasurface for site 2 and are then between 0.3
and 0.5pgcm’s’, however téedeofar él| wwspik
throughout the measured sectiora at a longer depth profile is
obtained, two probes are placed on an aluminium rod; this creates a
gap between the two probes and is between Site 1: 15 and 20 cm
(DET) and 15 and 20 cm (DGTHor Sie 2 these gaps are at 15 and
20 cm (DET) and 14.5 and 17.5 cm (DGT).

4.3. Discussion

4.31 Solidphase

4.3.1.1 Correlation with ash (mineral matter)

At mospheric particles can be classified
(~0.0Imm) ; Aaccumul at mmon déa n(d~ 06 nMe cthoa n1mnmi | aer
(e.g. Williams and Harrison, 1984; Allen et al., 2001). For any element, the size of
the particle, particle surface roughness and wind velocities determine the distance a
particle will travel before being washed out of the atmosphere (Williams and
Harrison, 1984), whilst the type of deposition process (i.e. dry odegaisition the

metal compoundsundertake depends on particle size, vapour pressure, heat of
solution and solubility (e.gGalloway et al, 1982). In the UK, the principal
anthropogenic source for Co and Ni is fossil fuel combustion and a large contributor
for Cu and Zn; Cd, Cu, Ni, Pb and Zn are produced from industrial metallurgical
processes (Pacyna, 1988ljen et al., D01, Lee et al.,, 1994). Exhaust emissions
(petrol and diesel) increase Pb, Fe, Cu, Zn, Ni and Cd into the atmosphere and tyre

rubber abrasion is a source of Zn and Cd (Pacyna, X9k et al., 200). Allen et
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al. (2001) determined that Cu and Pb werenigedound in the accumulation mode

in sites across the UK, whilst Fe was mainly found in the coarse mode, and Ni, Zn,
Cu and Co were in varying modeshetween. Thus it is hard to determine which
type of deposition will be dominant at Thorne Moors. Here prevailing winds for
Thorne Moors are from the SWhereforepollution will principally be from the
industrialised MidlandsThorne Moors isdownwind of power stationwithin the

Trent Valley) as well as pollution from the nearbyotorway networkgFigure 1.5;
Chapter 1)and therefore most pollutants at this site are likely to be deposited via dry
deposition (e.g. dust). For example, some pollutants from the motorways will only
travel short distances as they are large particles, (Cd, derived piiyndimah
impurities within zinc compounds (engine oil and tyre debris) could be as large as
30mm; e.g. Ward et al., 1977; Mankovskd977; David and Williams,1975.
Therefore most of the trace metal input to Thorne Moors is from vehicle and coal

burning ativities.

By definition ombrotrophic peatbogsnly receive metal inputs from the atmosphere
(e.g. Xia et al., 1997; Shotyk, 199&sh is a proxy for dust, which controls the
supplyflux of metals into the peatbog and it is therefassumed thahe dustinput

will correspondwith the ash content profiles of the pe@&iven that the profiles
follow similar trends to the ash, then it can be assumed that dust is the main source

(Figure 4.10)



0 10 o 5000 0 100 0 20

O ] | | J
—— Sitel — Sitel @, —— Sitel
=10 4 .
20 A -e- Site2 o Site2 Site2
o A RS NG | | TsseNe. [ o T
Do 30
40 H 0
50
Ash Content Al (ppm) Total Zn {ppm) Total Ni {(ppm}
(Solid Phage) (SolidPhase) (Solid Phase) (SolidPhage)
0

Total Cd (ppm) Total Co {ppm) Total Pb {ppm) Total Cu {(ppm)
(SolidPhage) (Solid Phase) (Solid Phage) (SolidPhase)

Figure 4.10 Solid-phaseprofiles for all sites and all elemers.
The solidphase data shows that all profiles (apart from Ni in site 2;
discussed later) show similar trends wittaximum ash content and
concentrations for all trace metals are within the deeper part of the
peatwhilst the minimum is within the shallomsection

The trends in the profiles show thair both sitesthe maximum ash content and
concentrations for all trace metals are within the deeper part of thevpisit the
minimum is within the shallower sectipthe exception to this is Ni in sit2
(discussed later)This would suggest that all metals are relatively immobile as the
peaks in concentrations within the sefidase broadly correlate with one another.
However, iron mimicking the pattern of the ash contentinexpected as it ia
redoxsensitive specieand peatbogs show more reducing conditions with depth.
Additionally, Fe is likely to have been used in the uptake and recycling by vegetation
(e.g. MacKenzie et al., 1998Jhis thereforeimplies that, even though all metals
analysed lagely follow the ash pattern, there must be detail missihere are two

mechanismsvhich affect the ash content relative to the organic matter content: i)
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initial dust input relative to peat formation: ii) extent of organic matter
decomposition throughouhe peat bog profile (Kylander et al., 2005). The latter
would cause an increase in ash content relative to organic matter with depth as
decomposition of organic matter proceedSomparing the ash content to Sc and Al

is useful as these amelatively geochemically conservativeetals that have no
significant anthropogenic source and dust input is their only significant source (e.g.
Shotyk, 2000;Shotyk, 1996; Steinmann and $yiq 1997; Shotyk et al., 2001;
Voldrichova et al., 2014). Indeed, Al isurface watersin pH < 4.9 shows
conservative behaviour (Nordstrom and Ball, 1988y is likely to be in the
relatively insoluble aluminosilicate fraction (Shotyk, 1996; Steinmann antyliSho
1997; MacKenzie et al., 1998; Shotyk et al., 2001). Additionahty,is widely
dispersed due to its association with light Mm-rich minerals (Curtis, 1972Y.hus

any changes to inputs of atmospheric dust can be identified easily as coincident
changes in the profiles of ash content, Al, and &uich are very similarFigure

4.2). As Al and Sccorrelate so closely with ash, plots of metal ratios tad Sdn

the solidphase can be used to remove the effects of variability of dust content

(Figures 4.11 and 4.12 respectively).
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Figure 4.11 Metal ratios to Al.
Al is adced to the peatbog via dust andilely to be in the relatively
insoluble aluminosilicate fractionAs Al correlates so closely with
ash, plots of metal ratios to Al in the septase can be used to
remove the effects of variability of dust contékrtyincreases in the
trace metal will then identify either: i) increase or decrease in trace
metal deposition from the atmosphere or: ii) trace metal mobility.
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Figure 4.12 Metal ratios to Sc

Similar to Al, Sc is added to the peatbog via dust andlikein to be
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mobile. This data is useful to check against the Al data and see if the

Sccorrelation matches with the Al:trace metals. As with AlinSthe

solidphase can be used to remove the effects of variability of dust

content Any increases in the tracmetal will then identify either: i)

increase or decrease in trace metal deposition from the atmosphere

or: ii) trace metal mobility.

Al and Sc show that they are marginally variable compared to one another (Figures

4.11 and 4.12), with a minor amouat Sc increas with depth compared to Al,

suggesting either that one of the elements is mobile or that there has been a marginal

reduction in atmospheric Sc recently compared to Al. MacKenzie et al. (1998)

observed that in an ombrotrophic peatbog in Sndilalthough for the most part the

trends matched between the Al and ash profiles, the maximum concentration peaks

di

aluminosilicate minerals. Al:Sc profiles from this stuslyggest that there isna

d

not ;

suggesting

t hat

ash

had

a

signific



increase in the aluminosilicate minerals compared to Sc minertdle recent past.
This could potentially be related to minor changes in the composition of fly ash to

the atmosphere.

Fe/Al and Fe/Sc show similar trends wahzonation pattern of high values in the
upper part of the peat, lower values in the middle section and lowest values in the
deepest section measured. Clearly Fe has been mobilised relative to Al and Sc, and
the high near surface Fe/Ate/Sc,ratics in the solidphase records a history of Fe
accumulation in the upper parts of the peat. Similar to Fe, both Zn and Co also show
zonation patterns when normalised to Al or &gainwith the samehree zonation
patterns; highest values within the upper layershef peat, lower values in the
middle section, and the lowesalues within the deeper section (Figure 4.11 and
4.12).This suggests mobility with the ratios recording a history of accumulation of
Zn and Co within the upper parts of the p&tfAl and Ni/Sc profiles (Figure 411

and Figure 4.1pin both sites show a decrease of Ni relative to Al and Sc throughout
the profiles from the top of the peat to the deeper section. In both datasets this shows
a nearsurface accumulation of Ni within the pedthis suggests that Fe, Zn, Co and

Ni are mobile within Thorne Moor peatbogs.

Pb (site 2 only) shows two large peaks of Pb enrichment compared to Al at
approximately 12 and 25 cm depth, which is shallower than the large peak of Pb seen
within the Pb soliebha® profiles. This suggests that there is another source of Pb.
The most documented pollution from vehicles is lead tetraethyl which was added to
fuel from c. 19306s to 2000 (dates are
the atmosphere when condied (Lee & Tallis, 1973; Ndiokwere, 1984). Both peaks

are postulated to be related to anthropogenic activity and potentially both are related
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to the use of leaded petrol, which releases more Pb than Al into the atmosphere. It is

unclear whythe lead peakhave beeretained in site 2nd noftsite 1.

The ratios for Cd compared to Al and Sc do not show similar patterns. When
comparing Cd against Al, there doesnot
suggested that Cd does correlate well with Al #Hretefore ash, suggesting that Cd

is immobile. Using Sc, however, there appears to be an enrichment of Cd from depth
to the near surface compared to Sc; suggesting mobility of Cd. Similarly, the profiles
for Cu compared to Al and Sc do not show similantls, however the ratio profiles

do however suggest a nearrface sink (Figures 4.11 and 4.12). Cu/Sc profiles show

a slight enrichment of Cu compared to Sc from depth to the near surface. Cu/Al,
however, show no change in the profiles apart from a nesgochmentof Cu in the
nearsurface and a major decrease in the deeper part of the peat. It is unclear why the
comparisons of both Al and Sc to Cu and Cd are returning different results. As there
is not much variation between the other profiles and ABohowever, it suggests

that there must be some interaction between Al or Sc and Cd and Cu. As noted
earlier, theAl:Sc profiles from this study suggest ancrease in the aluminosilicate
minerals compared to Sc mineraisthe recent past, which has bgerstulated to be
related to variations in composition with fly ash received by the peatbog. If Cu has
also increased because of the fly ash than this would cause the profile of Cu/Al to not
vary much (ignoring the large enrichments of Cu relative to Aickv would also
cause an apparent increase of Cu relative to Sc from depth to the surface. This is the
same with Cd. Therefore it is postulated that some fraction of both Cd and Cu are
associated with thaluminosilicate minerals compared to Sc minenalthe recent

past.

appeeé



Comparing the trace metals to Al and Sc has helped to identify which metals are
potentially mobile; however, plotting each metal against ash content determines how
strong the correlations are, as shown hywhich helps identify whichrace metals

are predominantly related to dust deposition (Figure 4.13 and Table 4.1). Al, Sc and
Co all correlate very strongly with ast>0.8), Cu and Cd havé>0.7. Fe and Zn
correlate considerably less well with asf>(.6) and Pb and Ni exhibit uch
weaker correlations {¢0.4); Table 4.1. Even though all trace metals appear to
closely follow the ash profiles, those with weaker correlations are likely to be more
strongly affected by postepositional processes occurring within this peat or have

another atmospheric source.
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Figure 4.13 Metals against ash content.
Ash is a proxy for dust, which controls the supply flux of metals into
the peatbog. Given that the profiles follow similar trends to the ash,
then it can be assumed that dust is the nsaurce. Numbers with a
higher ¢ show that there is a good correlation with ashhilst
numbers with a lower®rdo not correlate well with asbuggesing
more than one source (e.g. additional Pb from motor vehicle
emissions) or mobility within the peat tma.
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R? Values Confidence Interval

Element Correlation with ash? Core A Core B Combined Cores A& B Core A CoreB Combined Cores A & B

Al Yes 0.882 0.9458 0.8976 >99.9% | >99.9% >99.9%
Sc Yes 0.9196 0.7662 0.839 >09.9% >99.9% >99.9%
Fe Not at the op 0.694 0.4817 0.6121 >99.9% | >99.9% >99.9%
Zn Not at the top 0.604 0.7972 0.6639 >99.9% >99.9% >99.9%
Ni Not at the top 0.7224 0.2051 0.438 >99.9% @ 99.9% >99.9%
Cd Yes 0.7764 0.7386 0.7338 >99.9% >99.9% >99.9%
Co Yes 0.8544 0.8986 0.8664 >09.9% >99.9% >99.9%
Pb Sometimes 0.7924 0.4254 0.4928 >99.9% >99.9% >99.9%
Cu Yes 0.8546 0.7164 0.7902 >09.9% >99.9% >99.9%

Table 4.1 Information retrieved from solid -phase chemistry.
This data establishes if there is a correlation with ash and the overall trindsbers with a higher r2 show that there is
a good correlation with ash whilst numbers with a lowedo not correlate well with ash suggiest more than one
source (e.g. additional Pb from motor vehicle emissions) or mobility within the peat matrigoiiigence interval
shows that the numbers were not determined by chance.



Al and Sc correlanhg well with dust is unsurprising as both these elements are
conservative and the main source for the elements are dust ¢edsifdm and Ball,

1986 Shotyk, 1996; 2000;Steinmann and Siyk, 1997; MacKenzie et al., 1998;
Shotyk et al., 2001; Voldrichova et al., 201490 correlating well with ash suggests
that it is immobile; this is in agreement with other studies and is due to Co not being
influenced by redx driven processes, and any uptake and recycling of Co in plants

IS negligible (e.gMacKenzie et al. 1998

Major sources of Cu to the peatbog are expected taabe Cu in natural dust inputs

or anthropogenic sources such as coal burning or snegtiessions. Within these
sources Cu is likely to be present @gpper oxides or copper sulfidéBhe main
atmospheric source of Cu to a peatbog exerts influence over Cu diagenesis once
deposited in the peat matrixor example,fithe main source of Cu thé peatbog is
copper sulfideand the pat accumulation rates are fasfative to the dissolution
rates, thenthe Cu sulfideswhich are thermodynamically stable under reducing
conditions, will be preserved am@nderedimmobile as long as the conditions
remain(Rausch et al., 2005)s coal burning is the main pollutant for this site then
Cu oxides are the main pollutant of Cu to Thorne Moors and these minerals are
expected to undergo dissolution within the p@&sdusch et al., 2005Lu has a high
affinity with OM though and binds strongly ombrotrophic peatbog®.g. Rothwell

et al., 201presulting in Cu being either mobile or immobilhe Cu data correlates

well with ash suggesting immobilityhus we postulate that the high affinity Cu has
with OM renderst immobile. It has been suggested that Cd also has a high affinity
with OM and forms stable organic compounds in peatbogs simil@ut@&tewart

and Fergusson, 1994)lotor vehicles emit Cgredominantly as impurities within

zinc compounds, e.g.r& dithiophosphate in engine oil and tyre debris when-zinc
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diethyl is used during tyre vulcanisationhesedust particles aretypically large

(30mm; e.g. Ward et al., 1977; MankovskeQ77; David and Williams,1975 and
therefore remain in the atmosphefer shorter periods of time. Therefore
concentrations of Cd at Thorne Moors are probably influenced by the network of
motorways close by and most likely entered the peatbog as dust. As ash is a proxy

for dust and ash correlates well with cadmium then @avshegligible mobility.

Fe and Zn are not expected to correlate well with ash as Fe is influenced by pH and
redox conditions within the peat and there is evidence that Zn is mobile within
peatbogs (e.gSugden, 1993MacKenzie et al., 1998Weiss et al.,2007. For
example Weiss et al. (2007) showeldat peaksn Zn concentrations anthanges in
isotopic signatures préated the anthropogenidnput in three Finish peatbogs.
MacKenzie et al. (1998) also show that Zn is mobile as peatbog cores did not
faithfully record the heavy industry in Scotland. Pdspositional processes
included biological cycling by vegetation, and ion exchange and adsorption
(MacKenzie et al., 1998: Weiss et al., 2007). Iron is also strongly affected by
biological cycling by vegeition and is a welknown redox sensitive species (e.g.
Chesworth et al., 2006). In addition, the majority of iron entering the peatbog is
likely to be in the oxidised form which will undergo dissolution as it is buried in the
peat matrix. The redox pH diagram (Figure 4.14) demonstrates that the most
dominate form of iron is &, although a minor amount of iron sulfides are expected
to form in the deeper anoxic part of the paad iron oxides in the very oxygeich
nearsurface. Iron is also expectéa form complexes with OM (e.g. Chesworth et

al., 2006).



Peat bog
(Ombrotrophic)

Figure 4.14 Phase diagram for iron in ombrotrophic peatbogs.
The radox - pH diagram shows which Fepecies are stable in an
ombrotrophic peatbog; it is clear that most of the iron will be stable
in the divalent form (Fé). The dashed black line represents the very
nearsurface, or if the water table has substantially dropped (e.g. due
to a drought), as iron oxides can form in the oxic part of the peatbog.
Modified from Chesworth et al., 2006.

Nickel and lead showed no correlation with ash. Pb is-kveivn to strongly bind

with OM in ombrotrophic peatbogs (e.g. Rothwell et al., 2010), and if the only input

of Pb to the peatbog were dust than it would be expected to correlate aaadl. L
tetraethy, howeverwas added to fudletweernc . 19306s to 2000 (da
where it was readily released into thgnosphere when combusted (Lee & Tallis,

1973; Ndiokwere, 1984). This major additional vehicle pollutant which is not

related to ash or dustill weaken the ash correlation and no information can be

gained on the mobility of Pb in peatbogs in this manner. Although Ni also has a
source of pollution from vehicles (diesel oil e.g. Baralkiewicz and Siepak, 1999 and

references therein), this is nat major source of atmospheric Ni and the weak
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correlation suggests mobility. Ni mobility has been reported previously (e.g.
Rausch, 2005; Nieminen et al., 2007) and has been related to the mineral forms in
which Ni entered the peatbogeat accumulationrates, the phyi@hemical
conditions of the peatbo@nd if there hadeen oxidation of Ni sulfides in the
surface layergéRausch, 2005; Nieminen et al., 200@nly when Ni is related to dust

silicate minerals has Ni shown to be immobile (Nieminen e2@Q7)

4.31.2 Lead dating correlation

Novak et al. (2008) dated peat close to these sites usfi($deFigure 1.5 Gapter

1 for |l ocation relative to this study) from
Pb concentrations was at 12 cm and waed to 1945. In our study, tieaximum

peak inPbsp concentrations (gure 4.8) is at 32 cm depth (site 1) and 34 cm depth
(site 2). Assuming the two peaks coincide (i.e. the age of the peak in Pb from this
data is at 1945), then this would equate taaxmately 32 cm of peat accumulation

in 64 years; averaged out this gives approximately 0.5 cm of peat accumulation per
year. Average accumulation rates of peat are approximately 1 mm per year
Although the value estimated from this dataset seems, hrgpid rates of
accumulation have previously been recorded (e.g. up t4.8.6m per year; Neuazil,
1997). This suggests that Pb is not mobde negligibly mobileas the large peak

seen in Novak et al. (2008) data appears to largely correspondlamgbpeak seen

within these soligphase datasetdlany authors demonstrate that Pb is immobile in
peatbogs€.g. Shotyk et al., 1996; 2002; MacKenziek, 1998; Weiss et al., 1999
Assuming that both peat growth and degradation rates are constant ovéndima,
comparison could be made between relevant dates that have affected Pb
concentrations in the atmosphere, and relate them to Pb concentrations in the peat

matrix (Figure 4.13). This must be treated with caution however, as peat growth can



be variableover the shorterm (Belyea and Clymo, 2001(nly if the other trace

metals are immobile then can the inference can be made that these are also the same

age as the Pb depttliscussed later)

Estimated Age
(Novak et al., 2008)
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Figure 4.14 Tentative correlation peat dating.

Using Pb*° Novak et al. (2008) dated peat close to $ites used in
this studyf r om sampl es coll ected i n
concentrations was at 12 c(t945. In our study, the peak iRbsp
concentrationss at 32 cm depth (site 1) and 34 cm depth (site 2).
Assuming the two peaks coincidben this would equate to
approximately 32 cm gfeat accumulation in 64 year8.5 cm of peat
accumulation per year This suggests that Pb is not mobile as the
large peak seen in Novak et al. (2008) data appears to hargel
correspond to thdéarge peak seen within these sefidase datasets.
Local and regional important dates that have implications for trace
metals in the atmosphere haalsobeen included.

4.3.1.3Enrichment factors

Enrichment factors can be used to daiee the anthropogenic input of trace metals

into the peatbog overtime using reference materials for geogenic dust sources. This

assumes that the trace metals remain immobile after deposition (e.g. Shotyk et al.,

2000; 2002).

In this study, Al and Sc arged due to their conservative chemical

19
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behaviour which is supported by their strong correlation with ash at Thorne Moors.

Using a series of calculations (below) the anthropogenic input can be calculated

which can help identify the mobility of trace metalf maximum and minimum

concentrations correlate well with maximum and minimum anthropogenic pollution

at expected times (using Pb as a proxy for timing of the peat) then this suggests

immobility.

Enrichment factors were calculated following the metbatined in Shotyk et al.

(2000). In all calculations the trace metals have been normalised to Al and Sc to

allow for variations in mineral matter (Shotyk et al., 2000).

EF = (TM/RM [peat]) / TM/ RM [crustal])

(4.1),

where EF is enriahent factor, TM idgrace metalRM is reference material and is Al

or Sc.
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Enrichment FactoCore B
Depth Zn/Al Ni/Al Co/A Cu/A Pb/Al Cd/Al Fe/Al

4 57 5 2 7 194 288 5

8 50 11 2 8 199 318 5
12 53 7 2 9 194 254 5
16 46 4 2 9 213 280 4
22 21 3 2 10 259 294 2
26 15 4 1 10 263 249 2
30 21 3 2 10 421 355 2
34 29 3 1 13 494 368 2
37 25 2 1 14 296 275 1
41 23 2 1 8 179 223 1

Table 43 Enrichment factors for Core B using Alas a reference material
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earthos
reference material. Equation 4.1 was used to calculate these numbers.

Enrichment Factor
Depth Zn/Sc = Ni/Sc Co/Sc  Cu/Sc Pb/sc Cd/sc FelSsc

5 103 10 4 15 370 560 8

9 154 10 6 33 254 494 9
13 74 5 3 25 353 432 5
17 71 5 3 16 395 422 5
21 49 8 3 15 346 354 4
25 20 3 2 11 287 266 2
32 16 2 1 9 180 170 1
36 32 2 2 8 181 261 2
40 37 3 2 7 168 311 3
44 24 3 1 11 164 249 1

Table 44 Enrichment factors for Core A using Sc as a reference material
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earthos
reference materiaEquation 4.1 was used to calculate these numbers.
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Enrichment Factor
Depth Zn/Sc  Ni/Sc Co/Sc = Cu/Sc Pb/Sc Cd/sc FelSc

4 79 6 3 10 271 404 7
8 93 20 4 15 370 5901 9
12 101 12 4 18 366 482 10
16 67 6 3 13 306 403 6
22 24 3 2 11 294 333 2
26 15 3 1 10 256 242 2
30 21 3 2 10 409 345 2
34 21 2 1 9 361 269 1
37 17 1 1 9 197 183 1
41 22 2 1 8 174 218 1

Table 45 Enrichment factors for Core B using Sc as a reference material
These show the enrichment of trace metals relative to the amount of
tacemet als found in the Earthoés Crust
reference material. Equation 4.1 was used to calculate these numbers.

There has been more enrichment (from lowest to  highest)
Co>Fe>Ni>Cu>Zn>Pb>Cd compared to either Al or Sc (Table RR2am Cd have

clearly been enriched the most though.

The lithogenic component of trace metals within the peat is calculated using the

following:

TM [lithogenic] = RM [peat]* (TM/RM [crustal) (4.2),

which in turn can then be used to calculateahthropogenic input of metals using:

TM [anthropogenic= TM [peat]- (TM [lithogenid) (4.3).
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Figure 4.15 Trace metal enrichment factors comparison between Al and Sc.
This plot shows the differences in calculating enrichments factors with
Al or Sc as a geogenic reference (equation 43dgod correlations
are between Co, Ni, Fe and Zn to Sc and Al. Correlations are weak
with Pb, Cu and Cd to Sc and Al.
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Figure 4.16 Trace metal lithogeniccomponentcomparison between Al and Sc.
This plot shavs the differences in calculating the lithogenic
component between Al and Sc as aggmic reference (equation 4.2)
All trace metals show good correlations, suggesting that the
lithogenic ratios references are accurate and probably close to dust.
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Figure 4.17 Trace metals anthropogenic comparison between Al and Sc.
This plot shows the differences in calculating the anthropogenic input
using Al and Sc as a geogenic reference (equation BoB)all trace
metals with the exception of Co and Fe, shapevaluesare close to
one. This suggests thhbth Sc and Al can be used as a geogenic
reference material for all metals excdfg and Co.

Core A trace metal Core B trace metal Core A trace metal Core B trace metal
fromSc  —— fromSc  —m from Al from Al —e
0 20-2000 0 2000 4000.5 0 0.5 1
0 +— 00— : ! 0 ‘ — 2010
b~ b~ — 2000
10 4 10 - — 1990
i 15 | 15 — 1980
£
B 20 - 20 - — 1970
i
[a]
25 | 25 — 1960
30 30 — 1950
35 4 35 4 — 1940
40 - 40 - — 1930
45 - 45 - / 45 - / —_— 1920
50, - 50, - 50 -
Anthropogenic Anthropogenic Anthropogenic .
input Ni (ppm) Input Fe (ppm) input Co (ppm) Estimated Age

(Novak et al., 2008)

Figure 4.18 Calculated anthropogenic trace metal concentrations.
Using the calculations (see text) anthropogenjut was calculated.
Profiles for Ni, Fe and Co suggest mobility as they do not follow
closely with maximum loadings of atmospheric pollution.



Figure 4.18 shows the anthropogenic trace metals concentrations for Ni, Fe and Co;
on the righthand side of th figure, key dates of UK atmospheric pollution have
been included. Ni does not follow the patterns of atmospheric input into the
atmosphere, strongly suggestingttiNi is mobile at Thorne Moorsgs discussed
above Ni has already been found to be molnilpeatbogs. The profiles for Fe and

Sc and Al are decoupled suggesting that either Al or Sc cannot be used to determine
the atmospheric pollutigror Fe is mobile. This is the same for Co. Notably Fe and
Co profiles follow each other in trends suggestimag either the anthropogenic input

of Co is associated with Fe, or that the once deposited Co undergoes diagenesis
which is related to Fe. Co correlated well with ash and the Co-glatide profiles
followed similar patterns of the other assumed immobied metals (e.g. Pb, Cu).

This suggests that the anthropogenic input to the peatbog is mobile and the natural
input is immobile. Moreover the anthropogenic fraction of Co to the peatbog is
small; this is supported by the enrichment factor calculationsb{@® 4.2 to 4.5).

This suggests that Co shows mobility depending on the form in which Co entered the
peatbog, and that Co associated vaitithropogeni@ctivity is mobile and associated

with Fe. Therefore there must be more of a higher fraction of geoiggnicof Co

at Thorne Moors, giving the overall impression that it is immobile within peatbogs.
Iron not correlating with anthropogenic input is unsurprising as it is a +eelsitive

species and mobility is expected whidgu¥e 4.18supports.
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Figure 4.19 Calculated anthropogenic trace metal concentrations.
Using the calculations (see text)taropogenic input was calculated
for the metals Pb, Cd, Zn and Cu. The profiles suggest immobility as
the higher concentrations of these elements are wittén deeper
peat. This is because anthropogenic inpuése decreased in more
recent timesdue to cleaner air (Clean Air Acts) decline of heavy
industry, and removal of Pb from fuel. The anthropogenic
calculations suggests that using Pb, Cd, Zn andc@ube usedo
determine the historical atmospheric input at Thorne Masthese
metals show negligible mobility.
Figure 4.19 shows the calculated anthropogenic input of Pb, Cd, Zn and Cu have
very similar trends at Thorne Moors. The dates on Figure 4d8d49 have to be
used with caution; however, the peaks in concentrations of these metals loosely
correspond with the peaks in anthropogenic atmospheric pollution in the UK (e.g.
Clarke et al., 1992; Novak et al., 2008). Figure 4.14 has the key datds wiHic
have exerted major influences of trace metals in the atmosphere and include, when
lead was used as an additive in petrol (1930s), the Clean Air Acts (1956; 1968), the
start of the decline of the heavy industries in the UK (1970s), when the motorways
local to Thorn Moors were built (1970s), and when Pb was removed as an additive to

fuel. Broadly speaking the peaks and declines in concentrations correspond to the

anthropogenic pollution, suggesting that Pb, Cd, Zn and Cu are immobile at Thorne



Moors. Thus the nearby motorway network could have acted as a significant source
of metals, particularly lead, that occurred later than the regional pollutant (tpatts

is coal burning. This therefore adds further uncertainty to the correlation of peat

metal burden versus timing of emissions. Using the DET and DGT method allows

mobility to be investigated independently of the need to know peat age or time of

maximum pollutant emissions.

4.32 DET and DGT profiles

DET gel probes measure concentration of tramals by equilibrating with the
surrounding peatbog pomaters and, although there is minor sediment disturbance
when first deployed, it is essentially a Rotrusive method(in that it minimally
perturbs the irsitu porewaters) The DGT method dogsntentionally) perturb the
system because it introduces an additional sink for trace metals from thegiers

but it then provides information on metal availability. The magnitude of the DGT
fluxes is indicative of thgotential fortrace metal mobility Trace metal mobility
within the DET data will be identified as gradients throughout the profile, or sharp
concentration excursions away from the main trend. The former is indicative of long
term trends and shows that there is diffusion away from adugbentration source,
which may be from the surface or deep within the profile. Sharp peaks in
concentrations however, represent very local perturbations and contain only a very
small mass of trace metals and will diffuse away very quickly in all directieors
example, the large positive excursion away from the baseline for Co in site 2 at 21.5

cm, will only last for 7.8 hourgas it will diffuse out of the profileinless resupplied),

foll owing the calcul ation determined by

R =D(dc/dz),
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where R is diffusional flux, D is diffusion coefficient and (dc/dz) is the vertical

concentration gradient.

There are several similar sharp peaks that occur throughout the DET metal profiles
(figures 4.3 to 4.9). It is unlikely that angf these spikes are being-sapplied
continuously because if they were, then gradients over longer depth ranges would be
seen within the profiles. Instead these sharp excursions are probably due to very
localised changes in physiobemical conditions whin the peatbog. Morris et al.
(2011) hypothesise that there should be-dpuits of decomposition in aquatic
systems which supply small amounts of organic matter (which isvbdli® occur at

this site; see Rapter 3). Additionally, these shdited hotspots of decomposition
allow organic matter to act as an electron acceptor. Thus in this region of decaying
organic matter, there may be changes in the metal speciation that influence the
mobility. Although these sharp peaks are evidence for trace metailityy the

nature of the limited supply of shdived decomposition means that this process is
only transient and localised, with no resupply of trace metals. As these small
outliers cause high frequency excursions in the data, they tend to makeeheeba
appear larger (or smaller) tha should be. Therefore the use of mediather than
mean) and mediaabsolute deviation (MAD) statistics limits the effect of these
outliers (as the data are not normally distributed) deriving a median value which
more closely reflects the actual baseline trend of the majority of the data. This
statistical information, as well as tlikerived median statistics for the DET, selid
phase and DGT metals are summarised in Table 4.6. It can be seen that the MAD
derived methns have a lower baseline value, showing that the localised
perturbations increase the mean values considerably. Taldamriiarises the order

of concentrations and fluxes from highest to lowfesin both the median and the



MAD statistics. These are geadly in agreement with each other for both sites and
through all the data sets. For instance, it is usually Fe and Zn which have the highest
concentrations and fluxes and Co and Cd the lowest, while Cu, Ni and Pb lie in
between. Notably, in the soljgha® Pb has a high concentration, only surpassed by
Fe for the metals that were analysed when using MAD statistics in both sites 1 and 2
and as the median for site 2. Pb has a relatively high median solid/dissolved
concentration but a relatively low flurdicating that it must be less mobile than the
other metals. Conversely, Ni has a relatively low median solid and dissolved
concentration but relatively high median flux, showing that it must be more mobile

than the other metals.
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Site 1
Fe Zn Pb Cu Ni Co Cd
Solid-phase 2949.95 48.28 32.22 11.96 5.95 0.9 0.71

(594.24) (8.98) (16.43) (5.56) (1.67) (0.32) (0.37)

[0.20] [0.19] [0.51] [0.46] [0.28] [0.36] [0.52]

DET 202.83 260.52 28.85 45.15 16.25 1.03 1.39
(54.14) (34.62) (3.39) 7.94) (2.31) (0.12 (0.42)

[0.27] [0.13] [0.12] [0.18] [0.14] [0.12] [0.30]

DGT 12.88 2.32 0.11 0.31 0.48 0.003 0.008
(7.17) (0.28) (0.01) (0.04) (0.09) (0.0004) (0.001)

[0.56] [0.12] [0.06] [0.14] [0.19] [0.14] [0.18]

Site 2

Solid-phase 2810.19 40.72 40.92 10.52 5.62 0.93 0.75
(403.11) (6.88) (25.82) (6.19) (1.85) (0.32) (0.43)

[0.14] [0.19] [0.63] [0.59] [0.33] [0.35] [0.52]

DET 423.65 387.35 28.69 32.11 22.94 1.03 2.23
(72.88) (111.95) (3.16) (8.72) (6.3) (0.11) (0.72)

[0.17] [0.29] [0.11] [0.27] [0.27] [0.11] [0.33]

DGT 11.28 3.05 0.09 0.37 0.52 0.003 0.01

(7.7) (0.6) (0.01) (0.08) (0.09) (0.0006) (0.005)
[0.68] [0.20] [0.15] [0.21] [0.16] [0.19] [0.39]

Table 4.6 Site 1 and site 2 medians.
These are the medians and MAD values for each site andheatblod MADs (brackets) MAD/median [square brackets]
for solidphase, DET and DGT, units are in ppb for concentrations (gilmse and DET) anggcm?s® for fluxes
(DGT).



Method and site Statistic Type Metal

Site 1: Solid-phase. Median Fe > Zn > Pb > Cu > Ni > Co > Cd
Site 2:Solidphase Median Fe > | Pb > Zn > Cu > Ni > Co > Cd
Site 1: DET pore-water. Median Zn > Fe > Cu > Pb > Ni > Cd > Co
Site 2:DET pore-water Median Fe > Zn > | Cu > Pb > Ni > Cd > Co
Site 1: DGT fluxes. Median Fe > Zn > Ni > Cu > Pb > Cd > Co
Site 2: DGT fluxes Median Fe > ' Zn > | Ni > | Cu > Pb > Cd > Co
Site 1: Solid-phase. MAD Fe > Pb > Zn > Cu > Ni > Cd > Co
Site 2:Solidphase MAD Fe > | Pb > Zn > Cu > Ni > Cd > Co
Site 1: DET pore-water. MAD Fe > Zn > Cu > Pb > Ni > Cd > Co
Site 2DET pore-water MAD Zn > Fe > Cu > Ni > Pb > Cd > Co
Site 1: DGT fluxes. MAD Fe > Zn > Ni > Cu > Pb > Cd > Co
Site 2: DGT fluxes MAD Fe > Zn > | Ni @ > Cu > Pb > Cd > Co

Table 4.7 Order of fluxes and medians for each site and metal.
Following on from Table 2, the trace metals are placed in order of highest concentrations or fluxes for each method
(e.g. porewater DET/DGT or soligphase; highest flux or concentration to the left and lowest to the right.
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4.3.3 Metal behaviour

4.3.3.1 Iron

All solid-phase data suggests mobility. Variability atios of FeAl and Fe:Sshow

that Fe has been mobilised relative tcaAt Sc (Figures 4.11 and 4.12 respectively)
Both DET porewater profiles show a gradient from 10 or 7 cm depth to the surface
(Figure 4.3),and these gradients would drive diffusion of Fe upwards. At both sites
DGT data (Figure 4.3) show higher availability between 4 and 12 cm depth and
minimum availability in the shallowest part of the profile, which is consistent with
upward migration of Férom a source to a near surface sink. The steeper gradient in
the DET porewater Fe at site 2 corresponds with higher Fe availability within the
DGT profile at this site. The high near surface Fe/Al ratio in the gblase records

a history of Fe accumaltion in the upper parts of the peahere appears to be
zonation in the mobility of Fe. In the upper 4 cm, the peat has a low density and
oxygen is available from surface diffusion and/or photosynthetic produ&tioieja

Krol et al. (2010) found tha&g(lll) oxyhydroxidedormed in the uppermost peat and

on the plants growing on the peat surface. Thus it is likely th#ti$ zone soluble

Fe* will be oxidised to produce insoluble Fe(lll)oxyhydroxides (e.g. reactidh 4.

and & a result DGT Fe availaliy is low.
FE' + 14 O +2.5H0Y F e +2H) (4.4)

The Fe(lll)oxyhydroxides produced contribute to the high Fe/Al content in the solid
phase. In the zone between 4 and 12 cm depth, residual dissolved oxygen is rapidly
removed. DGT Fe availdlty is significantly higher than in the oxidised zone above

and DET porewater Fe concentrations also increase, leading to concentration

gradients that drive upward migration of dissolved Fe. Sulase Fe/Al remains

Pagel22 Chapter 4



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

high throughout this zon&he incrase in available Fe and high Fe/Al is most likely
due toburiediron oxides undergoindissolutionreactions €.g. Lovely and Phillips,
1986), releasind€* to the porewaters; additionally any trace metals associated
with the oxides are also added to ph@rewaters.In the 12 to 25 cm zone, DET
porewater Fe concentrations remain relatively high, particularly at site 2, and over
this interval, soligphase Fe/Al decreases significantly. DGT Fe availability falls in
the upper part of this zone, driven betdeclining solieohase Fe pool available
shown by the decreasing Fe/Al ratio. The fact that the DET Fe remains high is
evidence for Fe solubilisation. Below 25 cm sqishse Fe/Al has low, more or less
constant, values and DGT Fe availability is gemgridw. DET porewater Fe
concentrations remairelatively high as dissolved Feis stable in these reducing

environments (Figure 4.14; BiH phase diagram for Fe).

4.3.3.2 Correlation with Fe

Similar to Fe, the depth profiles of Zn/Al ratios show z@ratwith Zn mobility
(Figure 4.12), with high near surface Zn/Al ratios recording a history of
accumulation of Zn within the upper parts of the p&ae Znpsr profile for site 2
(Figure 4.4) shows morgn availability towards the shallower part of the pda

site 1, the Zpgt profiles show a decrease towards the shallower part of the peat.
Clearly there is also zonatiam Zn mobility, which is similar to Fdn the upper part

of the peat, atmospherkee(lll)oxyhydroxidesparticles enter the peatbog amekak
down easily after burial into more reducing conditions. Site@ et al. (2010)
found that that th&e(lll)oxyhydroxidesoften had Zn associated with it. This could
explain thesimilarities (specifically site 1 rather than sitewd)h the Zn and E data
which may be due t@n sorbing on to newly formed Fe oxyhydroxides in the top 5

cm. Conversely, when the iron oxides are solubilised, Zn is released into solution.



Thus, although Zn itself is not red@ensitive the pattern of Zn behaviour might,be

in part, controlled by Fe in this zone.

The Co/Al profiles are also similar to Fe/Al (Figure 4.12) recording a history of
accumulation of Co within the upper parts of the p€at, althoughshowing some
correlationwith Fe for the soliephase, does nohew many similarities within the

Fe DET/DGT datasetand also correlated well asin fact the Coper showsvery
similar trends to the Pb datas&his may be related to the sources of Co into the
peatbog. The anthropogenic input calculated above sugdbatesl small fraction of

Co was related to Fe, whilst the strong correlation with ash and the maximum peak
of Co was deeper in the peat (as expected for pollution within the UK if immobile).
This overall control of Co behaviour in the peatbog is moreyliteebe related to the
source of Co into the peatbog, and the subsequent differences in diagenetic
behaviour. That is, the anthropogenic Co (apparently associated with Fe) appears to
be more susceptible to dissolution and remobilisation than then geogietéd Co,
explaining why there is a disjunction between the splidse and poreater

datasets.

4.3.3.3Evidence of sinkswithin the shallower peat

The data show a sink for all metals within the shallower part of the peat. Pb and Co
have similar profes in the shallower part of the peat with clear evidence of a sink.
In the upper 1 cm of the Bbr profiles and for both sites, lead decreases in
concentration from the surface and from approximately 1 to 3 cm there is a very
sharp increase in concentoat. Between the surface and 1 cm depth, thge€o
porewater profiles also show that there is a decrease of concentrations from the

surface to 1 cm, with a very sharp increase to higher values; over 1 cm depth in site 1
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and over 3 cm depth in site 2in the DGT data, both Pb and Co fluxes show
divergent profiles from the surface to 7cm (Co) and from 1 to 5 cm (Pb). For both
these trace metal fluxes, there is a decrease in site 1 and an increase in site 2 over the
specified distances. This would suggesitt ttihe rapid sink highlighted by the DET

data is more prominent in site 1 than site 2 as there is more of a rapid decrease of Co
and Pb concentrations which coincide with the decreased availability of Co and Pb.
The initial decrease in these metals cowdddated to plant uptake or they could be
associated witlsorbtion to/incorporatiowith newly formed Fe oxide@s discussed
abovg, rendering them immobile. The rapid increase may be related to the
decomposition of plants releasing trace metals intqptrewaters or metal oxides
(including trace metals associated with Fe oxides) undergoing dissolution in the peat
bog. Once released the trace metals may react /adsorb with organic aratters

there are no vertical gradiesnsee in the DET data,it suggests that the trace metals

are reacting /adsorbing (probably to OMgainrendering them immobile.

The Cu and Cd datasets also show evidence for a near surface sink. sphe Cu
profiles are similar to both Ak and Sep (Figures 4.9 and 4.2, respaaly) for both

sites. Both Cu and Cd strongly correlate well with ash, having a high comBined r
value (i.e. data from both cores); 0.80 &nd3 respectively (Table 4.1igure 4.11),
suggesting that the main source of both Cu and Cd is dust with no ro#jer
processes occurring. There is marginally more evidence for ssndace sink of Cd

than for Cu as the Ggr profiles do show a slight decrease in both sites from the
surface to approximately 5cm. This decrease in coratéts coincides with
deceasen the Cggtdata. Site 2 has a marked decrease in fluxes from the surface
down to 13.5cm, whilst site 2 shows a small decreadtuxes from the surface

down to 2 cm. In the Gygr there are positive concentration excursions, but they are



over smalldepth ranges in both datasets suggesting that they are transient and not
resupplied Instead, evidence for a Cu neanface sink comes from the Cu/Al ratios

where there is enrichment of Cu from the surface down to 18itenl)and a small
enrichment fromthe surface to 6 cn(site 2) The Cwer porewater profiles also

suggest a sink in the nesurface. There is a decrease in Cu fluxes from the surface
down to 2 cm and in site 1 there is a decrease from the surface to 6 cm in site 2. Even
though there ish t a correspondi ng dpergmofdes stes s een
postulated that there is a sink in the reanface of the peat, but the available Cu

does not remain in the poeveaters for very long, as it is reacting / adsorbing very

quickly with the oganic matterGundogan et al., 2004

The Ni/Al profiles (Figure 4.12) in both sites show a decrease of Ni relative to Al
throughout the profile from the top of the peat to the deeper section. In both datasets
this shows a neaurface accumulation of Nvithin the peat. The Ngt data show

t hat , although scattered, there arenodt
concentration gradientgigure 4.5).However, the Njct profiles (Rgure 4.5) reveal

that there is variable availability throughout thetsvo sites. The Nt show a
decrease in Ni availability from the surface down to 14 cm, showing that there is
either a change in source or sink in site 2, but there is no corresponding change in Ni
concentrations in the poseater profiles. As Ni is welknown to be one of thmost
mobile trace metals (e.dJkonmaanaheaet al., 2004 and references thejeinis
postulated that the available Ni does not remain in the-paters for long as it
adsorbs / reacts quickly with the surrounding organic mattemather biotic/abiotic
process whicheamovesNi. However, perturbing the system does make it easily
available. Roots exuding. @nay be enough of a perturbation to allow Ni mobility

(as seen in the solphase dataset).
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4.3.3.4The deeper peat

There is consistency throughout alsolid-phase datasets with highest metal
concentrations in the deeper part of the peat for both(gitdsthe exception of Ni)

The solid phase profiles represent the cumulative history of ash (and therefore dust
inputs) and pst-depositional processes that act thereupon. Trace metal pollution to
Thorne Moors site, with the exception of Pb, comes predominantly from coal
burning, and anthropogenic pollution has beeduced in the last 40 years.
Accumulation rates have been cadétad at 0.5 cm per year (average for compacted
peat is at 1mm per year); therefore the concentration maxima lie within the expected

depth range.

The ratio of trace metals to Al in the deeper section of the peat, generally show that
there is either a smanrichment relative to Al from depth upwards, or no change in
ratios. Pb, however in site 2, shows there are two large peaks of Pb enrichment
compared to Al at approximately 12 and 25 cm depth, which is shallower than the
large peak of Pb seen in theidgbhase. Given that the accumulation rates averaged
out is approximately 0.5 cm per year, then these peaks are dated around-the mid
1980s (12 cm) and early 1960s (25cm). Both peaks are postulated to be related to
anthropogenic activity, with the shallowpeak possibly being related to the use of
leaded petrol, which releases more Pb than Al into the atmosphere. This is plausible
as, by this time the nearby M18 and M62 motorways had been constructed, there

were more cars were on the road, and leaded|pedstill in use.

The DET porewater concentrations for Ni, Pb, Co and Cu show limited variability
in concentration in the deeper part of the peat. Cd and Zn, however, both exhibit a

peak between 29 and 33cm in the DET poeager profiles in both siteglthough it



I's more apparent in site 1. There 1is
showing that whatever has caused this increase in concentrations has not increased
the availability of both these species. Additionally, this peak is transientiss it
sharp. Zn also shows an increase in concentrations between 21 and 27 cm, with a
corresponding small increase in availability. This increase is not seen in any other
dataset at this depth, thus it is not likely to be related to Fe behaviour. It éauncl

why Zn is inceasing in both concentrations aavhilability, however Zn is known

to be used in the uptake and recycling by vegetation and roots are present in this

Zzone

The DGT profiles do not show much variation in the deeper parts of the pafile f
Fe, Zn and Cd; there are only minor variations for Co and Pb. Cu, however, does
show variable availability, as does Ni
species are becoming mobileut they are becoming available, and as they are not
collecting in the porevaters (the DET data shows a lack of gradients), they are most
likely becoming bound very quickly at the same depth. Possible mechanisms for this
could be i) as soon as it is released it is binding/sticking onto the organic; ijatter

is being incorporated into other minerals which are forming in the same lgdé)ion

it is related toEriophorumplant roots. As Cu is known to have a high affinity with
organic matter, which is degrading at this depth, it could be related to its breakdown
Ni, is known to be a mobile elemert.¢. Ukonmaanahet al., 2004 and references
thereir) and although the processes of its mobility are not well known, it is expected
to have variable availability; agaiih is postulated that the available Ni does not
remain in the porgvaters for long as it adsorbs / reacts quickly with the surrounding
organic matteror other biotic and/or abiotic processnoveNi from the porewaters

to the solidphase.

A

n c
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4.34 Key depths and site variability

There are clearly sondifferences with respect to the geochemistry between sites 1
and 2, which could be related to slight differences in morphology and ecology of the
two sites. The main difference between site 1 and site 2 is the surface layer; site 1 is
a nl awn o0 snvdil oper podisgpeesent, whilst site 2 is hummoeiy no

open pools. Both sites contain the dominant vegetation found at Thorne Moors;
Sphagnumand Eriophorum although site 2 contained more of the latter. The
inspection of the frozen cores showed thath sites have similar profiles deeper in

the peatbog witHarge amounts of frozen poveater with live and dead organic
matter just below the surface (down to 5 cm site 1 and 8 cm sifEh2)large
amount of frozen water indicates high permeability tmght allow ingress of
oxygenated surface watéihe trace metal data show that there are sinks seen within
the upper part of the peat, typically between 1 and 5 cm. This correlates well with the
live organic matter seen within the cores and the sinlost tikely processes related

to plant uptake or Fghydrjoxide formation which can takep trace metals. Deeper

in the peatboga dense root zone (37 cm site 1 and 34 cm site 2) can be seen, after
this and in both sites there were fewer roots; this cae®levell with the data as

there verelimited concentration changes and availability changes with most metals.

4.35 Relative metal availability

Some conclusions can be drawn for relative metal molafithe trace metals. For
instance, when comparing tlieks p and Cg.p data (Fgures 4.6 and 4.7 respectively)
the profiles look very similar and the concentrations are also very similar. The
concentrations for Gert and Cger are also similar. However, the overall fluxes are

100 times higher for Cd than Cd.his shows that Cd is potentially 100 times more



mobile than CoAs the flux shows how much of a species is available in twienty
hours, and the solighase concentrations show how much of a species is being
stored longetterm in the peat, thenonclusons can be drawn about the relative
mobility of each element. Dividing the DGT fluxes by the median and MAD -solid

phase concentrationsvesls relative metal mobility (Table 4.8

Site 1 (Median)

Ni Zn Cu Cd Fe Pb Co
0.081 0.048 0.026 0.011 0.004 0.003 0.003
Site 1 (MAD)

Ni Zn Fe Cu Cd Pb Co
0.054 0.031 0.012 0.007 0.003 0.001 0.001
Site 2 (Median)

Ni Zn Cu Cd Fe Co Pb
0.093 0.075 0.035 0.013 0.004 0.003 0.002
Site 2 (MAD)

Zn Ni Cu Fe Cd Co Pb
0.087 0.049 0.013 0.019 0.012 0.002 0.0004

Table 4.8 Relative mobility
DGT data relative tothe solidphase concentrationfmedians and
MAD). These numbers were obtained hyiding the DGT fluxes by
the median and MAD solighase concentrationsn order to
demonstrate the relative metal mobility, th&thhow much is stored in
the peat long term, versus how much is available in the-paters
when a sink is added.

Table 4.8reveals that although Fe is present in much higher quantities than the other
trace metals it is not as mobile. The most likelgigon for this is because it is redox
sensitive and when the roots release small amounts,at Oxidises it to Fe
oxyhydroxides which are extremely insoluble and thus collect in the-gglotide.
Conversely both Cd and Ni are relatively mobile givenahmunt of species found
within the porewaters. All other metals presented in Table 4.8 are in the order of
relative mobility that would be expected given the evidence from the-sladide

analysis and evidence or mobility or lack of. That is, Zn and MXfgected to be
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high, Cu in the middle and Co and Pb the least mollevertheless, regardless of
how mobile each element is with respect to each other it neusbted that, apart
from Fe, Ni andZn, the other trace metals studied are present withipgh&og in
very low quantities. Specifically, lead has very limited mobility which is in
agreement that Plf is suitable for dating ombrotrophic peatbogs at sites similar to

Thorne Moors.

This study shows that using the above combination of methods, (DBT and

cores) can identify metal mobility within sediments. These methods are relatively
cheap compared to Pb isotope studies. Indeed, these methods can be used as a cheap
preliminary investigation to determine if sediments are suitable f6t° Rlating

studies.

4 4 Conclusions

The similarity of the soligphase trace metal profiles and their close correspondence
to the ash profile suggest that their lelegmn accumulation is controlled by dust
deposition, since ash is a proxy for dust. However, thers br&isome minor post
depositional processes as not all trace metals correlate well with ash. There is clear
evidence for the mobility of Fe, Ni, 4n the solidphase datasets, whilGu and Pb
immobile and Co isfor the mostpart immobile. There is d@dence to support that

smaller fraction of Cpwhich is related to anthropogenic activity and coupled with
iron, is mobile.Detail from the DET and DGT gels show that there are horizons in
the sediment where availability increases yet it is not couplédancorresponding
increase in concentration, suggesting that some trace metals are available at depth

but move into the soligphase at the same horizon.



Most processes seem to occur in the shallowest part of the peat, which is expected as
this is wherehere is live and partially decomposed organic matter, and oxygen can
penetrate into the surface layers. As there is little or him @he deeper parts of the

peat (see Bapter 3 conclusions) and not much live organic matter (apart from roots),
only mina variations in both concentrations and fluxes are expected; the DET/DGT
data confirms thisBoth median and MAD statistics consistently show that Fe and

Zn had the highest concentrations and fluxes whilst Co and Cd had the lowest. Cu,
Ni and Pb tended tlee in between. Howevethis does not reflect the relative metal
mobility as Ni is the most mobile metal of those studied, whilst Co and Pb where the

lowest.

This study strongly suggests that Pb is not mobile and can be used in atmospheric
PK studies. Moreover, this study also demonstrated that using these combined
methods is a cheap and quick effective evaluation of determining if trace metal are
mobile within sediments. Indeed, these combined methods can be used to screen

sediments for their apprapteness of using isotope studies.

4 5 Further work

The combined method limitations are that they do not reveal the reactions which
occur in the sediment to move species from the-p@ters into the soligphase. It
would be useful to use tracers in antrolled, asnatural as possible environment, to
determine their reactive pathways from entering the peatbdpitey stable and
immobile within the soligphase. Collecting mineral profiles from the peatbogs

would be useful to determine the dominant spliéses of the metals.
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Chapter 5 Deposition and diagenetic modelfMarham

Salt Marsh

5.1Introduction

Salt marshes are thought to sequester 210gr@®yr* (Chmura et al., 2003) thus

they are an important reservoir for carbon. They typically have high rates of
microbid respiration (Alongi, 1998), which also cycles Fe, S, and trace metals
(Mortimer and Rae, 2000). These highly productive ecosystems become reduced
within the top few millimetres as oxygen is utilised rapidly by microbial uptake
(King, 1988). Due to théigh abundance of sulfate in seawater and abundant OM,
anoxic sulfidic conditions prevail in saltmarshes as microbial sulfate reduction is the
dominant OM degradation process; reaction 5.1 (Howarth and Hobbie, 1982;

Howarth, 193; Alongi, 1998; Kostka, 2@):

2H" + SQ* + 2CHO Y ,SH 2CQ +2H,0 (5.1).

However, complex chemical interactions occur within salt marshes as they typically
have a high content of iron oxide (Kostkad Luther, 1994), which is also available

for bacterialdegradation of OM (Chapter 1alble4.1) (e.g. Chapelle et al2009):

Fe(OH} + 1/4 CHO + 2H +%H,0 Y ' RE€Q + 3H,0 (5.2).
Iron reduction is more energetically favourable than sulfate reduction. However, iron
can be reduced by abiotic reactions as well, for instance bynr@mosulfides
(reaction 5.3) or sulfide (reaction 5.4; e.g. Thamdrup et al., 1994 and references

therein):

FeS + 2FeO(OH) + 24D \4 >+ S 8608l (5.3),
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2FeOOH + HS Y 2F€'+ S +40H (5.4).

Indeed, having both higindn and sulfide concentrations often results in rapid abiotic
reactions between sulfide and Fe(lll) oxyhydroxide minerals (e.g. Poulton, 2003).
Since this reaction is rapid it is favoured over the reduction of Fe(lll) by bacteria,
with heterotrophic Fe (I) reducers potentially being denied a source of Fe(lll) for

respiration (Koretsket al.,2003).

The reduced iron and ;8 can react to form monosulfides (Bern&870), with
potentially many cycles of oxidation and reduction before the final burial g py

by reactions such as®b(Berner, 1970; Burdige, 2006):

FE'+H,S +S Y , F28I'S (5.5).
If one pool is depleted then other compounds will form, for instance, if there is
limited Fe but abundant sulfide then organosulfur compoundgasih (Kohnenet
al., 1989; BrucherandPratt, 1996), or in rare cases MnS can form in highly sulfidic
conditions (Mort et al., 2010). In sediments where there is reactive Fe, but limited

sulfide, siderite forms, often as concretions (Postma, 1981).

Ealy diagenetic reactions are not only affected by the concentration of species in the
sediments but also by sedimentation rates (e.g. Rajsl@8¥). Slow sedimentation

rates can cause precipitation due to increased residence times of species within the
early diagenetic zones, and/or juxtaposing chemical species that are not normally
within the same horizon into the same zones (Taylor etl@b5; Bréhéret and
Brumsack 2000). Similarly, fast sedimentation rates also cause changes in early

diagenesis. Dumg fast sediment accumulation rates poager advection rates
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increase, thus pomwater microbial communities enter sediment horizons that they

are not normally associated with (Schmidt and Schaechter, 2012).

A change in sedimentation rates combinechwite differing reactivity of species,

for example, the highly reactive Fe(oxyhydro)oxide minerals such as ferrihydrite and
goethite versus the relatively unreactive crystallineokides and silicateninerals

(e.g. Poulton et al., 2004) can also make feedince to the diagenesis within the
sediments. During times of rapid sedimentation a proportion of the reactive Fe
minerals and the majority of the less reactivenkigerals are buried before they
undergo diagenetic reactions, providing a pool of elactoceptors deeper in the

sediment (Aplin et al., 1993).

5.1.1 Rationale and aims

Warham salt marsh, (North Norfolk, UK; site details below) has siderite nodules
forming locally whilst FeS is also present within the sediment (Pye, 1981; Pye et al.,
1990;Coleman et al., 1993). This is unusual as ferrous iron normally reacts with the
H,S formed by SRB (e.g. Berner, 1981; Gautier, 1986) and siderite is unstable in the
presence of b6 (Coleman et al., 1993). Previous studies have shown that the siderite
has carbonate isotope signatures that are too l&w. (9 RDB) for the siderite to

have formed under methanogenic conditions (Coleman et al., 1993). It has been
suggested that iron is being reduced by SRB, e.d@dsulfobacterin the zones of

concretiongColeman et al.1993).

The aim of this study is to understand the geochemistbotfsulfur and iron and

relate thigo the known fast sedimentation rates at this site.
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5.1.2 Warham Salt Marsh

Warham Salt Marsh (§ure 5.1) can be separated into an uppel lawer marsh,
separated by sands on a low beach ridge (Pye et al., 1990). The lower salt marsh has
developed quickly. Aerial photography taken in 1948 shows the area poorly

vegetated with a limited creek system, but by 1960 there was al@feled creek

systemon a vegetated salt marsh (Py884).
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Figure 5.1  Warham Salt Marsh.
Warham site is an accreting salt marsh located in North Norfolk, U.K.
The aim of using this site was to understand the iron and sulfur
cycling within these sedimentSores wee collected from this site
both for solidphase (elemental sulfur profiles) and pavater
profiles (nitrate, sulfate and chloride). DET and DGT geibes were
also deployed herehowever, only Fe DET probes were recovered.
SeeChapter 2 for full informabn on work carried out in the fieldnd
methods usedimagemodified from Googl#daps(2010.

The sediments consist of a basal, gravelly and sandy section overlain by
predominantly brown, mottled silty sands that are 60 to 80 cm thick (e.g. Wilmot,

2006). Elemental sulfur can be seen on the surface of the water pans and creeks.
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Deeper in the sediments,-situ formed concretions, which are mainly cemented by
siderite, Mgcalcite and iron monosulfides (e.g. Pye et al., 19@8)ch often have
shrapnelor rootlets as their nuclei, are found throughout the lower marsh, although
they aremoreabundant close to the major creeks (e.g. Pye et al., 1990; Mortimer et
al., 2011). These concretions have been found in both the oxidised and reduced
zones; howevethey are more prevalent in the upper layers of the latter (P$4).19
Discontinuous zones of 180 cm thick iron moosulfide layers are also fouraehd

again are more prevalent near the creeks. In the permanent pans, which are
commonly found on the lowanarsh, sediments are rich in iron monosulfides and
organic matter (Pye et al., 1990). The shrapnel is from RAF bombing practise at this
site during the second world war, revealing that the concretions must form faster
than what is usually suggested in titerature, for example £ao 10 years (Berner,

1968; ColemamndRaiswell, 1993).

5.2 Results
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Figure 5.2 Oxygen depth profiles for Ants Pan (% of atmospheric
saturation).
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Four oxygen profiles were taken from Ants Pan from different sites.

Sites A ad B are from the same pan (Ants Pan) approximately 2 m

apart. Sediment wasasnpled during March, 2008.
All oxygen profiles reovered were from Ants Pan. Thwo localities were within
approximately 2m of each other. The oxygen profiles from Lawns wao#
recovered as the probe broke when entering the firmer ground. The profiles on the
left were taken earlier during the day during a sunny period (Ants Pan A), whilst the
profiles on theright were taken in the early evening when it was cloudy (Ants Pan
B). The two profiles from Ants Pan A exhibit similar trends. Initial values are close
to 100% atmospheric saturation until gediment water interfad&WI; represented
by the 0O line), although the profile represented by the grey line exhibits more
fluctuations. At the surface, both profiles increase in oxygen concentrations to a peak
of 340% (black profile) and 230% (grey profile). Below this peak, oxygen
concentrations in both profiles drop to zero, by 0.6 cm in the grey profile and 0.8 cm
in the black pofile. Ants Pan B also has two profiles that exhibit similar trends; they
have consistent oxygen percentage of approximately 95% atmospheric saturation

throughout water, and at the SWI there is a minor increase to 132@gte® profile)

and 98% Q (blackline). Both profiles then drop to zero oxygen by 0.4 cm.
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Figure 5.3  Pore-water chloride depth profiles from cores.
Concentrations of Cl are below seawater concentrations (black dotted
line) in all sites, suggesting that at the time of sampling thereawas
influence of rainwater.In all sites the chloride concentrations
increase with depth. This core wasrgled during March, 2008.
Concentrations of Cl in Ants Pan (1) have initial surface values of 14,260 ppm which
increases up to 18,300 ppm by 4.c8oncentrations below this depth tend to be
close to 16,500 ppm, apart from a peak at 24 cm (25p00). In Ants Pan (2)
values are slightly lower at the surface (9000 ppm) than they are for the rest of the
profile which tends to lie close to 16,500 pphine surface sample from Lawns (1)
was contaminated during analysis, thiae profile begins at 4 cm (9,700 ppm); the
profile then shows a general increase in concentrations throughout the rest of the
profile with the maximum value (16,200 ppm) in the detpmeasured sediment (34
cm). Lawns (2) has a profile that also increases down throughout the profile but not

as markedly, additionally there is a large peak in concentration at 12 cm (34,400

ppm). Surface concentrations are close to 9,900 ppm and thestisample (28 cm)
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is 16,900 ppm. The profile for concretion creek has surface concentrations at 12,700
ppm, and the deepest data sample (25 cm) has 14,500 ppm of CI; maximum

concentration is found at 10 cm depth and is 15,400 ppm.
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Figure 5.4  Pore-water nitrate depth profiles from cores.
Seawater nitrate average concentration is not added as it is highly
variable and fertilisers will influence the amount of nitrate found at
this site due to the agricultural land found inland of Warham.
Detection limis were used for the nitrate runshichis represented
by the grey dashed line. Ants Pan (2) and Concretion Creek are close
to and below detection, whilst the other sites are above detection. In
all sites nitrate concentrations are higher in the nearface than at
depth. This core waampled during March, 2008.

The grey dotted line indicates traetection limit of nitrate on the Dionex IC
machine This was determined by calculating the standard deviation of the blank and
multiplying by 3. Surfaceancentration of nitrate at Ants Pan (1) is at 60 ppm, and

drops to 13ppm by 4 cm depth. From 8 to 32 cm (last sample depth), NO
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concentrations range between 7 and 12 pbnts Pan (2) profile is always close to

the detection limit. Initial values are appimately 5 ppm and stay close to this
value until 10 cm, where values go below detection until a peak at 22 cm (10.5 ppm).
Below this depth values are again below detection. The first data sample for Lawns
(1) is at 17 ppm (4 cmhich drops to 9.8 ppnby 18 cm. ERlow this depth,
concentrations range between 10 and 13 ppm. At Lawns (2), surface values are at
14.5 ppm dropping to 7.4 ppm by 20 cm; deeper than this nitrate concentrations
began to increase and are up to 10.7 ppm by 28 cm. Concretion @Gsesklrface
values at 6.7 ppm which by 10 cm are below detection and stay below for the rest of

the measured profile.
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Figure 5.5 Pore-water sulfate depth profiles from cores.
Concentrations of S@ are below seawater concentrations (black
dotted line) n all sites, suggesting that at the time of sampling there
was an influence of rainwateSQ? concentrations in both Lawns
sites, Concretion Creek and Ants Pan (2) show an increase with depth
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whilst Ants Pan (1) has little overall variation of concentrat

throughout, however there is a peak at depth in this profiles (as there

is with Lawns 2). This core waarapled during March, 2008.
Surface concentration at Ants Pan (1) is at 3,800 ppm and between 4 and 32 cm,
sulfate concentrations lie close 2800, however a peak of 3,400 pm is found at 24
cm depth. Sulfate in Ants Pan (2) has surface concentrations of 1,300 ppm, which
increase to 2,130 ppm by 2 cm. Deeper in the sediment and throughout the rest of the
profile values range between 1,800 and0B, ppm. At 4 cm in Lawns (1)
concentration of sulfate is at 1,300 ppm and values increase gradually up to the
deepest part of the measured section (34 cm) to 2,200 ppm. Lawns (2) has surface
concentrations of 1,200 ppm with the rest of the profile gréguatreasing in
concentration until the end of the measured section; 2,300 ppm at 28 cm.
Superimposed on this trend is a large peak at 12 cm (4,900 ppm). Surface

concentrations are close to 1,700 ppm of sulfate, reaching a peak by 10 cm (2,060

ppm)inComr et i on Creekdés profile. Concentr a

ppm by 25 cm.
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Figure 5.6  Iron DET gel probe pore-water depth profiles.
The gel data were obtained inMarch, 2010.NB in Ants Pan 2the
upper section ofhie gel was contaminatecha therefore discarded.
Depth profiles were obtained Ipjacing two probe®n an aluminium
rod, which created a gapThis is between ~ 11 and ~17 cm depth.
Ants Pan shows low concentrations of total Fe as does Ant Pan 1. At
the top of Ants Pan lhere is a large increase in total Fe
concentrations followed by a decrease.
Iron DET depth profiles could only be retrieved for Ants Pan (1) and (2), and for the
latter only the deeper probe worked. Initial concentrations in Ants Pan (1) are at 1.7
ppm, followedby an increase in concentrations to 2.7 ppm by 0.5 cm, this peak in
concentration drops to a minimum by 3.5 cm (0.4 ppm). Deeper than this the profile,
although scattered, Feoncentrations rangeetween 0.4 ppm and 0.9 ppm until 11
cm. Coinciding with a lsange in probes (see methods chapter) is an increase in
concentrations to 1.2 ppm at 18 cm that decreases to 0.2 ppm by 21 cm. Deeper than
this is an another small peak up to 0.9 pm (by 23.5 cm) and a minimum at 27 cm

(0.3). There is either another smadiglk between this depth and the end of the profile

or the profile is scattered, but maximum concentration here is 0.8 ppm (29 cm) and
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minimum is 0.5 ppm (at 30 cm). The only retrievable part of Ants Pan (2) was the
lower probe. There is a trend of iron centrations decreasing from 0.3 ppm (17
cm) down to 0.04 ppm by 30.4 cm depth, however this is scattered; additionally

some peaks are superimposed on this trend (0.7 ppm at 20 cm; 0.4 ppm at 26.9 cm).
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Figure 5.7  Solid-phase é¢emental sulfur depth profiles.
Both left and right images are fronthe same data sesampled
March, 2008) however, the left image shows the-fdale range to
incorporate the high values at the surface for Ants Pan site 1 and the
image to the right is scaled to show the ddta all sites. This figure
clearly shows that elemental S is found at depth and in large amounts
at the surface.

The S° sediment profile from Ants Pan (1) show high concentrations in the upper 5

cm (values up to 500 mg/kg), in contrast to the La@@sprofile, which in the upper

5 cm are lower than the peak between 6 cm and 12 cm (maximum concentration is

5.6 mg/kg). Apart from two minima at 18 and 30 cm, 0.7 and 0.5 mg/kg respectively,

concentrations of Gare close to 1.7 mg/kig Lawns (1). Laws (2) has no surface

values (due to extraction problems) in the upper 4 cm, however, the concentrations
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are higher than Lawns (1) (throughout the entire profile) and peaks at 8 (11.5
mg/kg), 16 (12.2 mg/kg) and 28 cm (8.6 mg/kg). Ants Pan (1) has thesoadttred
profile and the highest concentration; highest concentration peaks are at 18 (30.1
mg/kg) and 34 cm (21.1 mg/kg) and minimum is at 6 cm (1.8 mg/kg). The rest of the

profile, although scattered has concentrations ranging betvaed 14.5 mg/kg.

5.3 Discussion

5.3.1 Oxygerprofiles
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Figure 5.8  Oxygen depth profiles for Ants Pan.
Profiles on the leftwere recovered during the middle of the day
during a sunny period; profiles on the righere taken from the early
evening during a very cloudy pévd. O, is depleted below
approximately 0.5 cm in both datasets.
All four O, profiles are from Ants Pan; two profiles were recovered during a sunny
periodduring the middle of the day iure 5.8: left) and two during a cloudy part of
the early eveningHigure 5.8: right). The zero line on both images represents the

SWI and the peaks in JOcoincide with this. These peaks are a product of

photosynthesis and the differences between the images will be due to the change in
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weather conditions whereby micropbgenthos (e.g. benthic diatoms) are more
active during the sunny times, thus producing a more pronounced peak siuriing
sampling than during cloudier times. Below the SWI, and in all profilesisO
rapidly used up by microbial uptake with conditionsinly fully anoxic by

approximately 0.5 cm.

5.3.2 Porewater geochemistry

5.3.2.1 Chloride

Chloride profiles are useful to understand evapotranspiration processes and changes
of both seawater and rainwater fluxes. It also indicates how successfullpb®s p

or cores have worked due to chloride being chemically conseryatineto plants

not releasingr taking up Cl and it beinginaffected by redox reactions (Bottrell et

al., 2007). This is reflected well in the CI profiles for Concretion Creek and Rai

(2) which show uniform concentrations with depth; Ants Pan (1) and both Lawns
profiles do however, show some variation with depth. Lawns (2) and Ants Pan (1)
both exhibit two large peaks, bothith one data point each for the positive
excursions.This is also observed in the same data point for the sulfate profiles
suggesting that it is more likely to be an analytical problem, for example, the sample
has been poorly sealed and evapoconcemtrats occurredor that the analysis has
failed on the IC.These data points are unreliable thus they are ignored, which in
Ants Pan (1), leaves a slightly scattered, yet without anyvhigations of CI
concentrations, profile. Removing the point from Lawns (2) leaves a similar profile
trend to Lawns (1), showgna gradual increase in Cl from the surface through depth.

This gentle increase in Cl concentrations throughout the profile could indicate
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changes in inputs of rainwater vs. seawater over time, and Cl is diffupimgrds

due to more recent rainwater inpatative to seawater input.

All profiles from Warham Salt Marsh show little variation with high ClI
concentrations indicating little hydrological changes (engjor lateral flow¥ and

high seawater fluxes into the sediment.

5.3.2.2 Nitrate

The black dtted line in kgure 5.4 represents the detection limit for this sample run.
The grass near Concretion Creek has a small amount of nitrate present in the surface
decreasing until 7 cm, and below this depth the concentrations are below detection.
When nitate is plotted against chloride ifare 5.9) it confirms that nitrate
concentrations are decreasing relative to chloride in the upper part of the profile.
This is most likely resultingrom the reduction of nitrate in the nesurface
sediments. Lawns 1 dn2 show very similar profiles with nitrate concentrations
being higher at the surface than at depth; this is also in line with nitrate reduction in

the nearsurface.

In Ants Pan (1) there is a marked decrease in nitrate from the surface down to
approximagly 5 cm; the sulfate profile also shows a marked decrease in the same
place. Nitrate § enriched at the surface comparetth chloride (as seein the
nitrate/chloride plots; Figure 5.9}his could result from nitrification during the
breakdown of OMproducing ammonium which oxidises to nitrate at the surface due
to the higher levels of OBelow this depth there are minor fluctuations of nitrate
concentrationsWhen removing the cores, there were large crab burrows seen close
to the core retrieval lodains within Ants Pan. At the same depth there is a minor

increase in the corresponding CI profile. It is speculated that some of the profiles
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may be influenced by these burrows which have brouglmt® the deeper sediment
oxidising nitrite or ammonia. As Pan (2) is very close to detection limits
throughout the profile, and any reduction of nitrate in the near surface is hard to
identify. There is however, a peak in the nitrate: chloride profile at approximately 22
cm depth, which reflects an increasecimoride and not nitrate. It is unclear why

there is a minor Cl decrease in this zone.
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Figure 5.9  Ratio of nitrate to chloride depth pore-water depth profiles
As chbride is a conservative specidésis not expected to undergo
many reactions deeper the sediment. Thus nitrate is plotted against
Cl to establish the reliability of the peaks.these datasets it is clear
that nitrate is enriched to CI in the neaurface and the gradual
depletion of nitrate with depth is due to nitrate reducing bacteria
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5.3.2.3 Iron

The iron data was recovered three years after the core data, and it is assumed that
these data are representative of Warham Salt Marsh (see further work section). The
concentration increase from the SWI to just below the near surfaak resuilt from
reductive dissolution of highly reactive Hr@nerals by iron reducing bacteria. Just
below this the total iron concentrations decrease due to iron diffusing from higher
concentrations to lower concentrations at about 3.5 cm. Deeper thamdhdown
through the measured section (and in the lower Ants Pan (2) sections) concentrations
fluctuate. The main process involving iron in these types of sediments is iron
reduction, either biotic (usually higher in the sediment) or abiotic (usually daepe

the sediment)and removal of iron by precipitation of minerafer instance, FeS
and/or siderite. The aqueous iron concentrations is a balance between the generation
of Fe(ll) from iron reduction and loss of iron by mineral precipitation, and dsoiine
concentrations are variable throughout the profile, it suggests that iron reduction is

maintained deeper in the profile rather tioguhy being precipitated into minerals.

5.3.2.4 Sulfate

The sulfate profiles from this study show differences to idedlsalt marsh profiles

that are under anoxic conditions. Idealised profiles have sulfate concentrations

higher in the neasurface which decline with depth (Chapter 1; Figure 1.2),

consistent with bacterial sulfate reduction in the upper part of thensaish

sedi ment . |l nstead, this studéans meonl fate pr
concentration variations throughout the depth sampled. This becomes even more

evident when plotting sulfate against chloride (Figure 5.10). In both Ants Pan

profiles (lut more so in Ants Pan (1)) there is an increase of sulfate relative to

chloride in the neasurface. As the major source for both sulfate and chloride is
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seawater at this salt marsh, then there must be another source of sulfate. Another
addition of sulfag is at depth in Ants Pan (1) which is coincident with a nitrate peak

in the deepest horizon measured (as previously discussed). However, when viewing
the chloride profile it becomes <clear th
but a decreasaichloride; the reasons for this are unclear. Iron monosulfides have

been reported at Warham (e.g. Pye et al., 1990; Mortimer et al., 2011), thus sulfate
reduction does occur. The concentrations reported from this study are sensible, that

is, they are idine with previously reported values and are close to initial seawater
concentrations. As these sulfate profiles are for the most part, rather uniform, it
suggests that there is little or no net loss of sulfate from the sulfate pool alihough

has been siwn thatS cyclingoccurswithin these sediments.
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Figure 5.10 Ratio of sulfate to chloride porewater depth profiles.
As chloride is a conservative species, it is not expected to undergo
many reactions deeper in the sediment. Thus sulfate is plottetsaga
Cl to establish the reliability of the peakihe fact the sulfate/chloride
ratios are close throughout the profile would indicate that sulfate
doesndét undergo any reactions througho
very near surface. However, sulfateloeing bacteria are likely to be
in this sediment and it is more likely that sulfate reduction does occur
but sulfide produced is largely+@xidised rapidly.

5.3.3 Elementalsulfur
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Concentration of S° (mg/kg)

Figure 5.11 Solid-phase 8 concentrations and sediment description agjnst
depth.
This is a o6fixed concentration depth
concentrations can beasilyseen. For Ants Pan 1 the shallow values
are high, between 250 and 500 mg/kg. A generalised Ants Pan
sediment description is included to 8luate the redox states of the
sediment. The presencé elemental sulfur at this site provile
evidence for partial oxidation of sulfide at depth.
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At Ants Pan site, there are high values of zerovalent sulfur in the upper 5 cm (Figure
5.11), consistentvith the large amount of iridescent sheen seen on the surface of
water pans and creeks. In this horizon (the upper 5 cm) in salt marsh sediments there
are usually higher Fe concentrations, with Fe reduction generally restricted to this
zone(Kostka et al.2002). Microbial iron reduction does not partially oxidise sulfide

to elemental sulfur or fully oxidise it to sulfate. However, an$ lthat reduces iron

(as in reaction 5.4), or by the oxidation of iron monosulfides by very reactive Fe (e.g.
reaction 5.3 would cause an increase ifi Sloreover, it is possible that some of the

S will undergo full oxidation to SE in this horizon (reaction 5.6), causing an

increase in SE3 concentrations relative to seawater (and chloride).

43 + 4H,0 Y SO% +3H,S +2H (5.6).
Although there will be bacterial reduction at the reanface which uses seawater
sulfate to form HS (which is often reoxidised to sulfate) the large increas€ is S
morelikely to be due to porgvater adection/diffusion from depth. This introduces
H.S to the neasurface where it is partially oxidised by, @eaction 5.7), also

explaining the excess sulfate in the sulfate:chloride profiles.

2HS + O, \'4 29 + 20H (5.7).

Concentrations of zerovalent sulfur remaining relatively high in the anoxic zone is
unexpected. This is because elemental S is predominantly an intermediate product
and is not normally stable under reducing conditiorfsgnoreacting with iron
monosulfides to form pyrite (e.g. reaction 5.8; Berner, 1970), or withdfel HS

as in reaction 5.5.

FeS+§ \% FeS (5.8).
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The elemental data shows that there must be partial oxidation of sulfide throughout

the sediment. The formation of iron monosulfides shows that there is reduction of

sulfate to sulfide. However, the sulfate profiles show that although there is persistent

sul fate throughout t he depth it doesnot
Therefore tke combined data shows that there is cycling of S species, and
furthermore it must be at similar rates to provide such uniform sulfate concentration

profiles.

5.3.4 Depositional and diagenetic model for Warham Salt Marsh

Oxygen is limited to the upper ¥m of the salt marsh. In the upper part of the
sediment, nitrate is reduced and concentrations remain closetectiale limit,
althoughpersising in some sites. Total iron concentrations initially increase at the
near surface; this is probably reflectiag increase of E&in the sediments by the
microbial reduction of F&. In Ants Pan (1) the sulfate profiles show a large input of
sulfate relative to chloride and the sediments contain a large amouhtTdfeSarge
amounts of $seen in the surfacedgn in the profile from Ants Pan but alstown

from the iridescent sheen of Seen across most of Warham Salt Marsh) could be
due to porevater advection/diffusion of #$ from the deeper sediments which is
partially oxidised by iron and/or then fully alsed by (predominantly) On the
nearsurface, explaining both increases seen in sulfur spédtsever, the other
profiles and the rest of Ants Pan (1) have persistent sulfate concentrations throughout
the depth measured. Indeed, when plotted agdmstide, the results show minimal
variation in the profiles, suggesting that sulfate is not removed or dkidadjhout

the salt marsh sediments. Yet the formation of iron monosulfides and that elemental
sulfur concentrations fluctuate throughout depthverthat sulfur species in Warham

Salt Marsh must undergo S cycling. As the iron profiles show variability throughout
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depth, it suggests that Fe is undergoing redugiiadation reactions deeper in the
sediment. Aplin et al. (1993) have suggested thatndurtonditions where
sedimentation rates are rapid, a proportion of reactiveniRerals, and the majority

of the less reactive Fminerals, will be buried before they undergo diagenetic
reactions. This provides a pool of available Fe deeper in the sediAteimarham

the sedimentation rate is known to be rapid (comparison of aerial photography); it is
proposed that the pool of available Fe deeper in the sediment reacts 28ith H
reducing F&" and partially oxidisingSO,> to S’. Some of the %can then undgo
further oxidation to SE at depth. It is postulated that sulfate is being reduced at a
similar rateaspartial oxidationof H,S to S, and then full oxidation to S© (Figure
5.12), explaining why it appears that sulfate reduction does not occthein
sediments when using coan@solution sampling. If the DET and DGT probes had

been successful then these key details would have been observed.
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Figure 5.12 Depositional and early diagenesis model for Warham.
The image to the left shows an ideadisprofile br marine sedimentssalt marshes are expected to behaviour similar to this;
however, Warharprofiles show that sulfate is persistent throughout the measured section. The model show the key reactions for
this phenomenorOxygen nitrate, sulfag¢ and iron{") are reduced in the upper part of the saltmarsh sediment by microbes. The
reduced sulfur and iron can react to forran monosulfids. Due to the high rates sedimentation however, more of the highly
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reactive iront*) is buriedrapidly and later acts to oxidize sulfide,
adding 8 to the deeper parts of the sediment, some of this will then
fully oxidise to sulfate. Additionally, in the near surface most of the S
will be fully oxidised to sulfatéSome of the reduced iraract with
carborate to form siderite nodules.

5.4 Conclusions

High sedimentation rates at Warham provide a mechanism to buryparfwa of
reactive Femineralsand the majority of the less reactive-faerals, without them
undergoing any diagenesisesulting in a poolof Fe* in the deeper sediient.
Elemental sulfur is high ithe near surface sediments in Ants Pan, but is also seen
throughout the profile even though @ depleted, thus it is postulated thaiSHs
oxidised by the deeper buried reactivé Feoducingthe partially oxidised % The
elemental sulfur therundergoes further reactions resulting in sulfatedepth
However, the porgvater data suggest that the sulfate does not undergo any reduction
reactions (egept for the very neaurface) especiallywhen plotted against chloride.
This profile is more likely to be resultant from the net effect of all sulfate reduction
and sulfide oxidation. The large amountsS#,* and S’ seen i the nearsurface

could be due to poreater advection/diffusion of #$ (and S°) from the deeper
sediments to the near surface where éiiker partiallyoxidised byFe**, producing
sulfate or O,, producing S@ . The low resolution data obtained for this study
misses out the key details and thus the sulfate corevyetey data are rather
uniform concentration profiles due to oxidation rates being similar to reduction rates.
As there is iron released deeper in the sediments from early diagenesis, it is available
to react with carbonate ions (from seawater) to form side@tancurrently, the

sulfide and reduced iron form iron monosulfides.
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5.5 Further Work

The datasets used for this sstindy are not robust. This is in part, due to the
assumptions associated with them, for instance, there is a supposition that the
profiles are representative over time, yet the iron DET data was obtained after a
significant time lapse from the other datasets. Data retrieval problems have been rife
throughout field trips, and much of the further work listed beleas intended to

have been allected for this study. However, the method problems have been

identified and the following should be successful:

U Iron and sulfate DET concentration data and iron and sulfide DGT flux data:
determine the key details and elucidate the availability ofiepec

U Sulfur isotope analysis: identify the sulfur fractionation processes and
determineif the elemental sulfur hasght isotope compositions that are in
line with bacterial reduction.

U Sulfate O isotopes: identify if sulfate was being cycled (reducedl a
reformed) as the reformed sulfate will likely contain O from different sources
to the original marine sulfate

U Solid iron speciation: this would distinguish between themfeerals and
would indicate how deep the highly reactive and poorly reactive raige
have been buried

U Quantitatively determine the amoumf carbonate in the pomeaters:
calculate how much carbonate is available to react with the available iron.

U Isotope analysis on the carbonatéstermine if the source medominantly
seawater.

0 Ammonium DET analysis:identify production of nitrate by ammonium

oxidation.
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Chapter 6 Deposition and diagenetic model: Shales

with -Beef Member

6.1 Introduction

It is well accepted that sulfate is reduced t& Kreaction 1.5; Gapter 1) by bacteria
using sedimentary OM as a reducing agent and energy source, increasing the
alkalinity of the surrounding poreaters (Berner, 1966; Morse et al., 1985; Walter

et al., 1993; Ku et al., 1999ost of the HS in marine sediments is reoxidised to
sulfate or anntermediate form of S (Zopfi et al., 2004 and references therein),
however, it has two other possible sinks, either binding with organic matter or metals
(Francois, 1987; Zabac and Pratt, 1992; Peters et al., 2005). For the latte6the H
usually reacts v iron minerals to produce metastable monosulfides, and in fully
reduced and stable conditions, they will eventually form pyrite @egner, 1970,
1984; Jorgensen arkenshal, 1974; GoldhabandKaplan, 1980). This process will
result in isotopically ight pyrite as the bacteria which mediate these reactions
preferentially use®S (e.g. Jonesnd Starkey, 1957; Harrisomnd Thode, 1958;
Kaplan et al.,, 1963; Kaplaand Rittenberg, 1964; Canfield, 2001). Moreover, in
marine sediments this is the most impat process which affects isotopic
fractionation of sulfur, thus it can help elucidate the depositional environment (e.qg.
Kaplan et al., 1963; Bottrell and Raiswell, 2000; Canfield, 2001). If the sedimentary
depositional system does not change (isotlyidight) pyrite will continue tdorm,
however if the Fe pool is depleted then organosulfur compounds will form instead of
pyrite (Kohnen et al., 1989; Bruchertand Pratt, 1996). In highly sulfidic

environmentsminerals such as (rare) MnS can form wineactive Feminerals are
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depleted and as a consequence, Mn is precipitated by the high alkalinity resulting

from OM degradation (Mort et al., 2010).

Changes in other parameters can also influence early diagenesis. For example,
changes in sedimentatiomtes have long been known to change mineralogy in
sedimentary formations (e.g. Raiswé®87), and when paused or slowed, this often
results in concretions and/or cemented horizons (Majewski, 2000; Witkowska,
2012). This is clearly demonstrated by Bréhénmed Brumsack (2000), within the
Marnes Bleues Formation .ES France). Under normal sedimentation rates barium
was located within the deeper, reduced part of the sediment where sulfate was
limited, but during long pauses in sedimentation, sediment wiimgpoccurred and
sulfate and barium were located at similar horizons, leading to the precipitation of
barite and subsequent growth of concretiddisnilarly, Taylor et al. (1995) also
found that paused or reduced sedimentation rates in the Book Cliffisaton
(sandstones) caused carbonate precipitation, however this was due to increased
residence times of species within the early diagenetic zones. In the latter example,
the slower sedimentation rate allowed the shallower sediments to remain longer in
the biochemically active zone compared to sediments under normal sedimentation
rates. 8dimentremaining longer in the biochemically active zomeuld undergo
greater evolution oporewater chemistry leading to increasekalinity, in turn

driving more cartbnate precipitationreactions, thus producing concretions.
Therefore if different horizons represent the change in-tmegrated effects of
burial diagenesis at different sedimentation rates, then there should be systematic

differences in both S and Fgating preserved within the rock record.

During the Lower Jurassic, the British Isles were located at a similar latitude to that

of Central Spain today (Getech, 2013). The environment of deposition across most
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of southern Britain was predominantly a $tnal epicontinental seaway during the
Sinemurian (Bradshaw et al., 1992; Evans et al., 2003; Ziegler, 1990). Although
eustatic sedevel fluctuated (Hallam, 2001), the (Present Day) Dorset Coast was
alwaysin an offshore sukaqueous environmentifftire 6.1) It is in this location, a
coastal cliff on the Dorset Coast near Charmouth, that the Shale8eef Member

crops out; a 280m thick, basal member of the Charmouth Mudstone Formation.
This member has been wsliudied (e.g. Lang et al., 1923; MarshaBg82; Wolff et

al., 1991; Parkinson, 1996; Gallois, 20@&ul et al., 2008; Page, 2009) and thus is a
good test case to look for correlations between the change in conditions (as indicated
by the formation of concretis) and any other changes within tim®rganic /

organic geochemistry of the surrounding host rock.

Figure 6.1  Palaeogeography of the British Isles and surrounding area.
This is the palaeotopography for (what is now) Europe during the
Sinemurian (Lower Jurassic). The light blues are sivalimarine and
the dark blues are deepenarine the darker greens are low lying
land and the lighter greens are topographically highgne grey line
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represents lowstand coastling showing that there are changesth

the shordine in this area; howeverthe Shalesvith-Beef formation
will always be deposited within shallow marine conditions. Image
courtesy of Getech (2013).

6.1.1 Shaleswith-BeefMember

The Shalesvith-Beef Member is a progradational sequence (Parkinson, 1996)

comprising fossiliferous nmane paper shales, with limestone beds and interbedded

seams of fibrous <calcite separated by <cl ay
Gallois, 2008faul et al., 2008; Page, 2009). It is highly variable laterally, but can be

divided into three main strgtiaphic sequences which are separated by faults

(Gallois, 2008). The saples collected for this work {gure 6.2) are from the same

location as that of Lang et.gl1923). In the upper part of the Sésith-Beef

Member (Fgure 6.2) there is a zone of @d, tabular and spheroidal calcitic

concretions, with weakly pyritic margins, that are often coalesced into an irregular

limestone bed,; this is tH&irchi Bed (no.75; Lang et al., 1923The Birchi Beds are

thought to have been deposited in an anoxicrenment as the shales are finely

laminated with no evidence of benthic activity, and t&C values from the

concretion core and outer rim are betwe#@ to-1 4 a , suggesting an i mp
contribution of carbonate derived via sulfate reduction (Marshall, 1982). The latter

al so show that the carbonate thesedmest i ons gr e
(Col eman and Rai swel |, 1981) . The O&beefd se¢
concretions, although they do also occur in lenses throughout the @alssall,

1982). Wolff et al.(199]) studied the concretions in detail and discovered tieat t

can be broken down into three zones: a calcitic core, dolomitic zone and calcitic

outer rim. These zones represent the different bacterial processes during the time of

carbonate formation. The calcitic core formed during intense bacterial sulfate

redudion and has suffered the most degradation. The dolomitic zone formed during
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methanogenesis, and the outer rim calcites formed when there was iron and
manganese reduction. This is consistent with the depositional environment

remaining reduced throughoutrawetion formation.

Stratigraphy Sample Bed Number Unit Age
number J{Langetal., 1923)
— .5
2E
(Birchi Tabular E=
Bed) o=
m ®
=
] c
2
™
E
Bed 75(b) =z
(Fissile Shales) P
= 5
BVS B o
BVa E n 5
(Birchi Madules} | = 53
BV Bed 75(a) ER - ™ g
—1 BvV9 £ ‘g z=
BVd oz | 3
F= == E Be W
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E'i‘}ﬂ% (Fissile Shales) E
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Legend
T
Fibrous calcite seam
Shale Concretion (“beef’ seam)

Figure 6.2  Stratigraphy of the Shaleswith-Beef Member.
This shows the upper section of the Shali#ls-Beef Member, part of
the Charmouth Mudstone Formation. The majority of this member
compri ses Opaper 6 s h atlieosn,s haonwde v @ Ip ¢
seams can be found within the unit. All samples were taken from the
shales.
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The large quantity of OM found in the Shalegh-Beef Member, the concretion
formation, the lack of morphological changes of the shales, and lack of major upli

in this region during the Sinemurian suggests that no major changes in environment
occurred during the deposition of the Shaleth-Beef Member. Therefore
concretion formation is more likely to be related to-les@| variationghatchangd
sediment gpply and thus producelatively lower sedimentation rates times of
sealevel high standThis chapter investigates the Fe and S chemistry of the shales

comparinga concretionary horizon and the underlying concretiea shales.

6.2 Results

Tablesof analytical data can be found in the appendix section (A.3).

e BV8

Kerogen ee0 ®me e BVa
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Bitumen &0 @ BVc
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Elemental ose €
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Figure 6.3  Sulfur isotopes.
The results from the kerogen, bitumelengental and pyrite sulfur
isotopegrelative to CDT The dashed line represents the approximate
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@S ofseawater during the Jurassie.y r i t e ha$'Swhilse | owe
kerogen and bitumen have the highest. Elemental S is between these
values.

The sulfur isotoje datashow that bitumen has the high¢&fS values which are
between 3.2 and 6.8**S; followed by kerogen which lie withir8.3 and 1.7 *4S
and the lowest values are found in pyrite-26.9 and-22.3 d*‘S (Fgure 6.3).

Elemental sulfur has the broadest ranges with values ranging betie&rand-5

d*s
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Figure 6.4  Concentration of demental S relative to stratigraphic height.
Amount of elemental sulfur recovered from the samples. The
stratigraphically lower samples do not have concentrations %of S
above detection (i.e. <0.005 wt%). The samples recovered higher
stratigraphically contén concentrations of hich lie betweef.035
to 0.005wt%.
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Samplesfrom the lowest part of the measured section untilm.Bave elemental
sulfur concentrations below detection limits (i.e. <0.005 wt%F&)m 1.4m to the

top of the measured semti, the concentrationof elemental sulfur is scattered
between 0.04 and 0.06t% (Figure 6.4). These data show a clear switch in the

system behaviour.

Figure 6.5 Amount of pyrite in sample.
Amount of pyrite recovered from the samples. The amountrioé py
within the samples is close to 4 wt% throughout the sample.

The amount of pyrite within the samples is close tet% throughout the profile,
although BV11 is the lowest at 3.26%, whilst BVa and BV8 are the highedt a

4.55 and 4.47 wt% respectiydlFigure 6.5).
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